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This is a set of nine reports and articles that were kindly provided by Dr. Christine A.
Langton from the Savannah River Site (SRS) to L. J. Jardine LLNL in June 2003. The
reports discuss cement waste forms and primarily focus on gas generation in cement
waste forms from alpha particle decays. However other items such as various cement
compositions, cement product performance test results and some cement process
parameters are also included.

This set of documents was put into this Lawrence Livermore National Laboratory
(LLNL) releasable report for the sole purpose to provide a set of documents to Russian
technical experts now beginning to study cement waste treatment processes for wastes
from an excess weapons plutonium MOX fuel fabrication facility. The intent is to provide
these reports for use at a US RF Experts Technical Meeting on: the Management of
Wastes from MOX Fuel Fabrication Facilities, in Moscow July 9-11, 2003. The Russian
experts should find these reports to be very useful for their technical and economic
feasibility studies and the supporting R&D activities required to develop acceptable
waste treatment processes for use in Russia as part of the ongoing Joint US RF Plutonium
Disposition Activities.

Once again, this valuable set of reports is due to the efforts of Dr. Christine Langton from
SRS and not anyone at LLNL.

L. Jardine
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RADIOLYTIC GAS GENERATION IN CONCRETE MADE WITH

INCINERATOR ASH CONTAINING TRANSURANIUM NUCLIDES*

Ned. E. Bibler

Savannah River Laboratory
E. I. du Pont de Nemours and Company
Aiken, South Carolima 29801

ABSTRACT

The effects of various factors on H, generation by alpha
radiolysis of concrete containing TRU incinerator ash were studied.
Methods for reducing H., generation were investigated. Samples of
portland and high-alumina cement ggntalnlng up to 30% calcined
ash (dry basis) were doped with 2 PuO,. Gas pressures were
measured as a function of radiation dose, gas compositions were
determined. Gas yields were calculated in termms of G values
(molecules produced per 100 eV of alpha energy absorbed). These
yields were used to estimate pressures im containers of radioactive
concrete waste during storage.

INTRODUCTION

The action of a, B, or Y radiation of water produces hydrogen
gas(l) Thus, nuclear waste forms, such as concrete, that contain
0 can produce Hy. Potentially, this can lead to pressurization
o% storage containers, or to the production of flammable or explo-

sive gaseous mixtures.

This paper summarizes results of an extensive investigation (2)
to estimate the rate of radiolytically generated H, evolution from
concrete containing transuranium (TRU) waste. Other studies showed
that ""Co-Y and “H-8 radiolysis of concrete also produce H, (3-5).

*Work done under USDOE Contract No. AT(07-2)-1.
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The gas pressures generated during Y radiolysis of concrete
reaches a low equilibrium value because of a back reaction between
OH radicals and H,. Earlier studies (3,5) of alpha radiolysis of
concrete showed that an equilibrium pressure was not attained at
H, pressures up to 1.1 MPa indicating considerable H, accumula~
tion in the container. The present study was initiated to estimate
the radiolytic rate of gas production from concrete TRU incinerator
ash during long term storage in the Waste Isolation Pilot Plant in
New Mexico (6). The effects of various factors on this rate, along
with methods to reduce it, were investigated.

EXPERIMENTAL PROCEDURE

Simulated TRU incinerator ash was prepared by calcining at
800°C the ash from impartial incineration of typical combustible
laboratory wastes such as tissues or polyethylene tubing. Principal
components of the ash were Ca (added as heat retardant to the plas-
tics) and Ti (added as whitener). Carbon countent of the calcined
ash was nominally <1X.

Mixtures of 70 wt %X cement [Portland Type I (P-1) or high-
alumina (HAC)] ang 30 wt % ash (dry basis) were prepared with a
known amount of 2 8Puo . After thorough mixing, sufficient water
was added to give a workable paste (initial water/cement = 0.8)
which was then poured into a cylindrical steel mold (10 cm x 2 cm
0.D.). After curing 5 to 30 days at ambient conditions, the final
composition of the specimens (total weight = 60 g) was nominally
50 wt % cemgnt, 20 wt % ash, and 30 wt Z water containing 0.1 to
1.0 C1 of 238 Pu. 1In the presence of alr,. the specimen was sealed
to a pressure transducer and the pressure liucrease recorded. After
a known time, the gas was sampled and its composition determined by
gas chromatography. G values (molecules produced/100 eV of a energy
absorbed) were calculated from both the final gas composition and
from the rate of pressure increase using the idea% gas law, the
void volume in the container, and the amount of 238p, present.

‘GAS YIELDS

Typical pressure increases for three concretes are shown in
gﬁg. 1. Sample P-1 and HAC-1 contained simulated ash doped with
Pu02, and sample HAC-2 conggéned ash prepared from incineration
of waste contaminated with a Pu solution. Thus, HAC-2 resembled
more closely an actual waste form. These three samples were cured
unsealed at ambient conditions for approximately a month. When non-
radioactive concretes were sealed to the transducer, no pressure was
produced, confirming that radiolysis caused the pressure increases.



WASTE ISOLATION — EFFECTS ON REPOSITORY 587

1100
1

VY

d HAC-2
/S

A
0
v
O

Pressure, torr

o

a
800 |— /// ]
o 6(H:) 6(0;) G(Total)

p-

1 0.32 0.12 0.49
HAC-1 0.25 0.05 0.3

ﬁr/ HAC-2 0.29 0.00 0.30

700 1
100 200
Irradiation Time, hr

Fig. 1. Pressure Increase from Rad}glysis of Portland
or High Alumina Concrete Containing 2 Pu

The slopes of the three lines in Fig. 1. differ because of
differences in the G values and dosé rates for the three concretes.
G(HZ) and G(02) values were calculated from the changes in the
partial pressures of H, and 0, during the test. The partial pressure
of N, was unchanged by radiolysis. G (total) is the 100-eV yield of
all gaseous molecules and was calculated from the slopes of the
lines. Within experimental error, G(Hz) + G(Oz) = G (total) as
expected if 1f the N2 pressure is unchanged. Less than a stoichio—
metric amount of 0, was formed, an indicated by the ratio G(Oz)/G(Hz)
being less than 0.5 (Fig. 1). This agrees with the a radiolysis of
liquid water where G(O )/G(Hz) is only 0.13 (7). The reason for 0,
not being produced with FAC-2 at this time is unknown. Less than a
stoichiometric amount of 0, being formed indicates that some other
oxidation product of water is being formed. Perhaps this is uzoz as
it is in liquid water. Another study showed evidence of this species
in ¥ irradiated concrete (3).
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Dose rates for the tests shown in Fig. 1. were nominally 1017
eV/ (min) (gram of concrete), with HAC~2 having the lowest rate.
This dose rate is about 1000 times larger than that expected in
actual waste. For example, the dogggrate in a 21Q-1{ er drum 90%
full of concrete containing 200 g Pu is only 4x10*" eV/(min)
(gram of concrete). If H, is formed as it is in liquid water (recom—
bination of H atoms or hygrated electrons), no change in G(H ) at’
lower dose rates is predicted and none was observed over dose rates
of 1016 to 10 eV/ (min) (gram of concrete). Over the range 23 to
100°C, G(H ) is independent of temperature for concretes containing,
the same amount of water. This agrees with the radiolysis of liquid
HZO where G(Bz) is not significantly affected by temperature (1). !

REDUCTION OF G(HZ)

Lower rates of H, production would be desirable both for short
and long term considerations. Two methods were found to reduce
G(H ): 1) addition of H atom scavengers to concrete, 2) removal of
H 0 by heating concrete or using pressed concrete. The latter method
would be effective over the long term only 1f water were excluded
from the concrete during storage. The best H atom scavengers for
reducing G(H,) were Nog and NOE. These were supplied by adding
NaNO., and NaNO., to the water used to make the concrete. Maximum
concentrations of these ions in the solutions were 6M for NO; and
SM for N02. G(H ) with N03 was reduced to 0.03. G(HZ) with %0
was reduced to O. 053.

Radiolysis caused O2 production in the presence of NOS (G=0.37)
and 0, consumption in the presence of NO (G = -0.08). Also, when
NO, was present, a slight amount of NZO was produced [G(N,0) = 0.04]
indicating reduction of the NOZ' Relative decreases in G%Hz) upon
addition of NO7 or NO; ioms are shown in Fig. 2. The data for N03
ions follow the trend shown by the solid line which depicts the
effect of these ions in the Y radiolysis of liquid water (7). This
similarity indicates that these ions are reacting as they do in
liquid water. Further, this suggests that the reaction for H2 for-
mation froma radiolysis of concrete may be identical to that for
1iquid water. The effect of NOZ ions on G(Hz) fromczradiolysis of
liquid water has not been determined.

One method of obtaining a concrete with low water content is to
prepare a pressed concrete. This concrete is prepared by pressing a
cement—-ash pellet containing very little water (about 2 wt %), at 173
MPa (8). Gas production from three gressed concretes countaining
portland Type I cement doped with 23%pu0, was measured. Two con-—
cretes contained simulated TRU incinerator ash. The third contained
bone char (a material for absorbing Pu from waste streams). G(H,)
values measured from the amount of produced were 0.009 and 0.005
for the concretes containing ash and 0.003 for the one containing

iy
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Fig. 2. Lowering of G(Hz) in o Radiolysis of Concrete by
Addition of NO3 or NO, Ions

bone char. Pressure increases were insufficieant to calculate values
for G(total) because of the relative large void volumes of the con-
tainers. To determine the consequence of this type of concrete
becoming wet, pressure measurements were made while a pressed con-
crete containing ash was submerged in water. G(H,) increased to
0.13. 0, was produced [G(0;) = 0.03]) and G(total) was 0.16. Weight
measurements indicated that the sample had sorbed 16 wt X Hy0.
Clearly, to retain the low rate of HZ production, water must be
excluded from the concrete during storage.

Another method of reducing the water content is to heat the con-
crete to remove free water after the concrete has cured for a suffi-
cient time. Most of the HyO in concrete is added to achieve a work-
able paste that can be poured or cast rather than to cause the hydra-
tion reactions that give concrete its strength (9). The drastic re-
duction in the pressurization rate caused by prior heating at 200°C
to remove Hy0 is shown in Fig. 3. Heating at 90°C did reduce the G
values, but not as significantly as heating at 200°C. The concrete
used to obtain the results in Fig. 3. has been cured at room tempera-
ture in a moist environment for 36 days before it was heated and thus
had attained at least 70%Z of its final strength. It was dried by
heating in an oven in the steel cylinder into which it was cast. At
90°C, the sample showed a continuous weight loss as long as 1t was
heated (34 hr). At 200°C weight loss had ceased after 16 hours of
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Fig. 3. Pressure from Alpha Radiolysis of a Previously Heated
Portland Concrete Waste Form

heating. In both tests, the temperature of the concrete had returned
to ambient before the sample was sealed to the transducer.

A very low value for G(Hz) was obtained for the concrete that
has been heated to 200°C. Low G(H,) values were also found for
other concretes after they had been heated at 200°C. For HAC-2
(Fig. 61.) and for a pressed concrete, G(Hz) values of -5x10" ' and
3x10" ', respectively, were obtained. The pressure above these
samples also decreased when they were sealed to pressure transducers.
A pressure decrease was also observed after a nonradioactive concrete
after it has been heated to 200°C.

The results in Fig. 3. indicate that the water driven off
concrete at temperatures below 200°C is radiolytically reduced more
easily than the remaining water. The remaining water is probably
involved in the hydration reactions that give the concrete its
strength. When water was again added to the concrete used to obtain
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the data in Fig. 3., G(H,) and G(Oz) increased to nearly their
original values, 0.34 and 0.18, respectively.

RADIOLYTIC PRESSURES IN STORAGE CONTAINERS

The above G values can be used to calculate pressures generated
by radiolysis in a storage container of concrete containing TRU
waste. The equation for a concrete containing several TRU lostopes
is:

(1.2 x 1018 o/(year)(Ci)] [G(total)] RT CL,E;(l-e )

P =
100 NV n W

where Ciy, E;, and X, are the number of curies, the a energy, and
the o decay constant, respectively of the 1-th isotope. Pressures
for H, and 0, can also be calculated using G(Hz) or G(0p). Results
for H, generation in a 210—11te§ coantainer 90% full of coacrete (10%
porosity) containing 200 g of 239y are shown for various values of
G(Hy) in Fig. 4. The lines were calculated by assuming the G(Hj)
was not affected by the H, pressure and that a slow thermal recom—
bination reaction of H, and 0, was not occurring over the long
storage times. A previous a-radiolysis test has shown that G(H,)

is not significantly affected by H, pressures up to 1.1 MPa (3).
Also, no evidence for a thermally induced reécombination reaction has
been observed at the a dose rates used thus far.

I | 1 o
10?7 |— —
Untreated
10 -
~
I
4
>
2 o -
4
o
=
0.1 -
Dried at 200°C
0.01 | |

0.01 0.1 1.0 10 102
Time After Sealing, years

Fig. 4. Calculated Radiolytic H, Pressure in a 210—%1ter
Container 90% full of Portland Councrete and 200 g 23 Pu
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The effect of adding NO; to the concrete or of drying the con-
crete 1s clearly evident in,Eig. 4. With untreated concrete, consid-
erable U, pressures can be generated after intermediate storage
times. Also, with the untreated concrete, a flammable mixture

4z Hz in air) can be present aftfr only about 40 days. With con—’
crete dried at 200°C more than 10 yearg3¥ou1d be necessary to
generate a flammable mixture. If less Pu 1is present, longer |,
times would be necessary. .

‘
CONCLUSIONS \

7

H, and 0, will be produced by o radiolysis during storage of
canisters of portland or high alumina concrete containing TRU waste.
The rate of H, production can be decreased by gdding NOj or NOZ iouns
to the concrete or by drying the concrete. NO, addition increases
0, productign while NO, addition decreases 0, production. Drying
at 200°C reduces the rate of H, production by a factor of approxi-
mately 2000 while reducing the water content by a factor of only 5.
If H20 is again added to the concrete, the gas production rates
return to nearly their original values.
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Cementation of TRU waste by a new @
process: Properties of the products

VOLKER W. SCHNEIDER AND FRIEDRICH W. LEDEBRINK

ALKEM GmbH
Hanau, West Germany

The background for selection of a process to solidify the waste arising from the
fabrication of MOX fuel is provided. Cement has many advantages as a matrix fo,
TRU waste. improvements of the cementation process make it possible to iNClude
all types of waste in only one product. A process description is followed by a
presentation of the product and its properties. Finally, properties are outlined which,
may be subject to quality control.

Dun'ng plutonium mixed oxide (MOX) fuel fabrication a small, but unavoidabje
amount of a-bearing [transuranic (TRU)] waste is formed. The second line of
Fig. 1 categorizes 4 main classes of waste according to source and nature. There
are wastes arising in the glove boxes which are caused by operation steps (solid box
waste) or replacement of equipment (retired equipment); others are generated by
the processes themselves as filtrates from conversion or liquids from analytica)
procedures (liquid box waste). Waste from outside the glove box but inside the
working area (“room waste™) is suspected of being contaminated and therefore
handled as active waste, although it is usually free from plutonium. It is worthwhile
keeping this waste separate from the box waste.

Before these wastes can be disposed of, they have to be treated to meet legal
requirements set up by licensed authorities and the operators of the disposal site.

When selecting an appropriate process which had to fulfill those requirements
as well as to meet the needs of a mixed oxide fuel fabrication plant (MOFFP), we
had to bear in mind a number of conditions. The process chosen should be easy
to operate, with a few process steps and high reliability. The process should be
capable of handling all of the different waste streams shown in the second line of
Fig. 1. According to German regulations, all the wastes should be solidified.
Currently, all TRU waste is buried in deep geological repositories in the Federal
Republic of Germany. No shallow land burial is planned. Therefore, there is no
incentive to separate primary wastes into categories according to « activity.

Process selection

Many different methods for immobilization of wastes have been suggested to
date. Ross et al.! have recently summarized the major advantages and disadvan-
tages of a number of immobilization systems. They concluded that “each system
has its own inherent considerations. An evaluation of these considerations suggests
the implementation of a cement or glass system.”

The various processing techniques to immobilize wastes by cement are simple
to use, less costly compared to other processes, and based on a large amount of

394
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zq. 1. Scheme for treatment of TRU waste arising from the fabrication of
vOX fuel.

conventional experience. Operations are generally carried out at low temperature
ind thus avoid the risks of fire.

During its solidification and during its contacts with water, cement provides
an alkaline environment. This offers an additional advantage, because plutonium
«hich is not present as insoluble PuO, forms the very insoluble Pu(OH),. It is
serefore understandable that the leach rates for plutonium immobilized in cement
ire reported to be very low.'? We have therefore considered ways that the four
waste streams shown in Fig. 1 could be combined and solidified by a simple
xmentation process.

As about 50% of the solid glove-box waste is combustible, incineration is
often suggested for volume reduction. However, with the high percentage of PVC
ind neoprene in this waste, a large volume of contaminated secondary wastes
«NaCl from off-gas scrubbing) is produced along with the ash. If these secondary

i wastes cannot be dispdsed of in a more simplified way, the process loses much of

fts interest.
On the other hand, we knew that while others had found materials such as

gloves and plastic foils unstable and heterogeneous when solidified in cement,
we overcame this difficulty by shredding all the soft material to particles <5 mm
o diameter. :

Process description

The wastes are segregated according to nature and composition upon entering
te waste facility. Wastes worthwhile of Pu recovery (about 20%) first undergo
washing processes® and are then fed into the main streams of solid box waste and
retired equipment. The soft materials of these streams are sent to a shredder
iconventional type adapted for glove-box use) which cuts about 80 kg/h of waste

395
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into particles <5-mm diameter. The shredded material is pneumaticaiy wransierreq

~ 1o a cyclone above the cement blender, where the waste can be homogemud

In the cementation unit (a conventional, continuously working screw f,
type), the shredded soft waste is blended with cement and the liquid waste
which has been treated for Pu recovery before. The flow of all three materials ¢y
be regulated scparately, thus meeting the process parameters. This process contr)
is part of the quality assurance of the product. :

This blend of cement liquid and solid (soft) waste is poured directly into ,
0.21-m’ (55-gal) drum over the picces of hard solid waste.

Product

The product resulting from the above process is a package consisting of 5
0.21-m® drum filled with a homogeneous cement block which is reinforced
stainless steel (most of the hard solid waste is stainless steel). The drum is filjeg
to about 95% (0.2 m’). Table I gives an example of a typical composition, I
practice the plutonium amount will be about 15 g/0.21-m’ drum.

We used blast furnace cement because it showed the best resistance againg
corrosion in saturated brines. A cement liquefier and stabilizer are added to k
the water/cement ratio down (0.4 or even lower) without affecting ﬂowability,

Table . Txpical composition of the immobilized TRU waste

ina 0.21-m’ drum
ttem Quantity (kg) Volume (dm?)
Cement 200 65
Liquid waste containing sodium nitrate 80 87
20}

Soft solid waste 40 32
Hard solid waste 60 10
Porosity, 3% 6
Final cement product 400 200

Properties of the package and cement product

The properties needed for safe disposal of the waste are different, dependin
on whether the repository is open and being operated or whether the repositor
is closed. In the case of a closed deep geologic repository the geology wil
provide the final and most important barrier so that additional engineere.
barriers around the TRU waste will not reduce any leak of activity very much. Suc
barriers therefore have their importance mainly for the operations before closin
the repository.

Some of the properties are expected to show a dependence on the compositic
of the conditioned waste. We therefore carefully investigated the dependence of tt
propetties of our product on the type of cement and the proportions of the differe
components. This allowed us to optimize the product and also have a bro:
understanding about the reliability of the process. It turns out that the properti
of the package and cement product as reported below are not limited to the figur
in Table I but represent a wide range of composition. This provides sufficient roc
for process deviations and normal waste composition variations.

3%



dose rate and surface contamination
The surface dose rate (<107* Sv/h (<10 mrem/h]) will be far below the
.,quircd threshold value (2x107? Sv/h). Also, the limit of the surface con-
" ination required can be met. The mild steel drums are protected against corro-
by an €poxy resin coating of 150-um thickness and are therefore expected to
ive undamaged for an intermediate storage time of several decades. The epoxy
sin coating also allows the drums to be easily decontaminated.

mpfeum strength
The compressive strength was studied as a function of the portion of soft waste
the product and the water/cement ratio. As a result it can be stated that the
mpressive strength of the product as given in Table I is about 20 N/mm? which
;much higher than the present minimum need. The stocking of the filled drums
jso has to be considered in this connection.

pediclysls gas generation

This phenomenon was investigated with a number of 1-dm® samples, each
uresponding to the standard product with the exception of salt content (Pu
~atent, content of soft solid waste, water/cement ratio, but not sodium nitrate);
2 half of the samples the Pu was added as PuO, and in the second half as Pu
ution. It was found that about 1.6 L of H,/Ci,'year in the case of PuO, and
« » L of Hy/Cig"year in the case of the solute plutonium are generated. Oxygen was
;1 gcncratcd; on the contrary, the oxygen in the gas phase (air) above the samples
o3s removed, resulting in an underpressure corresponding to the portion of oxygen
¢ air. The results are in good agreement with values reported by Kosiewicz.* The
sestigations will be continued in two directions: leakage rate for H;, of the drums
p avoid overpressure in the package and addition of nitrate or nitrite which will
oduce H; generation up to a factor of 50, according to Bibler.*

penavior In case of incidents

op tests: Three types of experiments were conducted in which four packages
ecre stacked up and the top drum made to fall onto the steel-covered concrete
4oor. The first experiment used drums filled to not more than 95%, with the
ushroom-shaped lid kept empty. The packages remained tight after the drop, still

uving the underpressure caused by the setting. Even the cement product was .

xarly undamaged. The second used a package as before, but this was dropped onto
oother full package lying on the floor instead of the steel plate. The result was the
ame as above for both packages. The third used drums completely filled, with no
wods. Here the drum broke open a few centimeters up near the flange, but only
sout 10 g of the product leaked out.

These results show that the container when exposed to mechanical power as
=:ght occur by maloperation during transportation or storage will remain tight, or
: failing, the amount of activity released will be very limited.
fre tests: A filled drum was placed into an isopropyl alcohol fire for one-half
sur. The temperature measured in the gap between the drum and the product was
0FC; 50 mm inside the block the temperature-was-90°C, and 100 mm inside the
~ock it was 40°C. The gasket of the lid was destroyed and white steam escaped
¢ drum. The loss of weight was 15 kg (about 3.8%) compared to 10-12 kg in the
ase of cement product without the organic waste component. The organic waste
o2 affected up to 5 mm depth. We intend to repeat these experiments with
-zopium-doped cement waste product in order to investigate the activity release
=ore quantitatively.
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Table Il. Corrosion tests with blast furace cement product at 80°C
(2x 2><f %-irg)’ samples containing 10% soft waste with a water—cement
ratio of 0.

pre Cor o
Media (N,mm*';noth (N/W
Damp room - 38 176
Brine 4.2 15.0
Sodium chloride 38 13.0
Water 2.0 118
—

Table Iil. Corrosion test with blast furnace cement product at 55°C for
365 days (2x2X 8-cm® samples containing 10% soft waste, 0.3% liquefier
0.5% stabilizer, with a cement—water ratio of 0.43) .

Damp room Water Brine (Qtype)
S ST o ome e S
ime (=] streng s :
(days) (nggn’) (N/mm?)  (N/mm?)  (N/mm%) (N/mm?)  (N/mav)
56 7 28.7 4.3 17.4 71 232
112 6.8 35.4 3.7 223 48 242

S——

Corroslon resistance

Corrosion tests have been performed in order to find the most adequate type
of cement. Water and brine (Q type) have been used as leachants. The corrosioq
attack was determined on the basis of changes at 90°C in the bending and
compressive strength. Table II shows the results for blast furnace cement, which
was better than the other 5 candidates under the conditions of this “quick” test,
Tables II and III show a very good resistance against corrosion. One should no
compare the figures of both tables with each other. The samples in Table 1N
have been prepared with a high-speed lab blender which produced a higher
porosity and therefore lower strength. Therefore, the data in the two tables
should not be compared.

Leachability

Investigations of the leachability of the product are still going on. Three types
of prisms (about 2X2x8 cm) are being leached in stagnant brine following the
ISO norm: (1) cement product containing 10% soft waste contaminated with PuO,,
(2) same as (1) but without the soft waste, and (3) same as (1) but with Pu(OH),
instead of PuQ, as contaminant.

Our conclusion from Fig. 2, which shows results obtained up to now, is that
at the very beginning some activity is leached from the surface of the bodies which
later disappears from the solution either by precipitation or by resorption on the

““surface of the cement body. We expect that the cement surface gets coated by a

layer of magnesium hydroxide when exposed to the brine.

The experiments will be continued. Additionally, the behavior of crushed
cement products are being investigated to simulate the case where the monolithic
block was disintegrated after being in brine for centuries. For this purpose prisms
as described above are crushed in a mortar. Preliminary results show that this
procedure will change the values in Fig. 2 only by a factor of 10.
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Quality control

The quality control to which parameters and properties of radioactive waste
conditioned for disposal have to be subjected has not been finalized. There is a
proad common understanding that destructive controls on the final products should
be :avoided. The quality control therefore will concentrate on process control

edures. and nondestructive product controls. Table IV shows the properties
which are currently envisioned as being controlled. There is no difficulty in
adapting this system of quality control to the process or product as described in

this paper.

Conclusion ‘
The process meets all the desired standards for a solidification process for
TRU waste. It is easy to operate and, because conventionally proven, highly

Table IV. Properties subject to quality control

Inventory of activities

Dose rate

Surface contamination

Chemical composition of primary waste S
Quality of the cement

Quality of the container

Ratio waste/cement/water

Degree of homogeneity

Weight

No free liquid
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reliable. The properties of the conditioned waste as assured by process control megy
the requirements. '

It is often argued that adding cement would mean an undesirable increase of
the waste volume. Here we can state a very unexpected result. Table V illustrageg
that a volume reduction of 40% can be achicved when wastes originally tighyy
packed but not compressed from the plant are processed as discussed in this paper,

Table V. Comparison of waste loadings for a 0.21-m® drum

Material Primary waste (kg) immobilized waste (kg)
Soft solid waste 24 40
Hard solid waste 36 _60
Total 60 100
Acknowledgment
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this paper.
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ABSTRACT

This report describes work performed from September 1, 1979,
to February 29, 1980, in an experimental program to measure Hjp
production from alpha radiolysis of concrete. Concrete is a
candidate material for solidification of radioactive ash from
incineration of solid wastes contaminated with transuranic
isotopes. Tests described here were performed with concrete and
simulated ash doped with Pu-238. The Pu-238 was added as solid
Pu0y or as plutonium dissolved in dilute H35804. Two tests are
described in this report. First is a test with portland Type I
concrete to determine if high Hy pressures affect the rate of
Hy production [G(Hz)] in alpha radiolysis as they do in gamma
radiolysis. Preliminary results indicate that both Hyp and 0y are
produced (Hy/09 = about 2) from the water decomposition and that
Hy pressures up to 130 psi do not significantly affect G(Hz). A
value of 15 percent was calculated for the porosity of the con-
crete from this test. An accurate value of this factor is neces-
sarv to calculate pressures generated by radiolysis in waste
containers of concrete. The second test described in this report
involves two long-term experiments with portland Type I concrete
and high-alumina concrete at a low dose rate. Comparison with
earlier results confirms that no dose rate effect on G(Hy) exists
for either type in the range 4 x 1015 to 1 x 1017 eV/min per gram
of concrete. This suggests that lower dose rates will not affect
G(Hp).




FOREWORD

Previous reports in the program, of which this report is a
part, are:

e DP-MS-79-25 (Summary paper presented to the 2nd
International Symposium on the Scientific
Basis for Nuclear Waste Management)

e DNPST-78-150-1 (Presents work performed during
April-July 31, 1978)

e DPST-78-150-2 (Presents work performed during
August l-November 30, 1978)

e DPST-80-150-1 (Presents work performed during
December 1, 1978-August 31, 1979)
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GAS PRODUCTION FROM ALPHA RADIOLYSIS OF CONCRETE CONTAINING
TRU INCINERATOR ASH

INTRODUCTION

Concrete is being considered as a solidification matrix for
transuranic (TRU) radioactive waste ash. Primarily, this waste
will be lahoratory waste that will be incinerated for volume
reduction. Because of the alpha radiation in the TRU waste, H,
gas can be formed from radiolytic decomposition of the contained
Hyp0. Production of Hy could be a potential hazard because of
its flammability and because of a possible long-term buildup of
pressure in a radioactive waste canister or sealed repository.

In this program, sponsored by the Waste Isolation Pilot Plant
(WIPP) Project of Sandia National Laboratories, Savannah River
Laboratory (SRL) is measuring gas production rates from concrete
that contains plutonium—contaminated simulated TRU ash. SRL is
also investigating methods for reducing Hg production,

This report is the fourth in the program and presents results
ohtained from September 1, 1979, to February 29, 1980. Farlier
results are summarized in a paperl presented to the Materials
Research Society in November 1979. Also, other reports on the
work in detail,2>3,%4 and on the production of Ho from concrete by
radiolysis by Oco gamma ray55,6 and H-3 beta particles7 have been
published.

Previous workl~3 has established that radiolvsis of the con-
crete bv alpha particles from the TRU isotopes produces both Hp
and 09 bv decomposition of the water. The rate, in terms of
molecules per 100 eV of alpha energy absorbed (G value), is some-—
what lower for concrete made from high—alumina cement than for
concrete made from portland Type 1 cement., The effective G values
in both types of concrete can be lowered by removal of the free
water* from the concrete or by addition to the concrete of solutes
such as NaN0O3 or NaNO, that scavenge the precursors of Hy. The
earlier tests also showed that below 100°C (the maximum tempera-
tures tested) the Hy production rate (molecules/100 eV) is inde-
pendent of temperature and the radiation dose rate. Dose rates

* Free water is that water not used in the hydration reactions of
the cement.




where
AP/At = rate of pressure increase, psi/hr

N

Avogadro's number
V = Gas volume, mL
R = ideal gas constant, 1.2 x 103 (psi)(mL)/(mole)(°K)
T = temperature, 'K
AD/At = dose rate, eV/(hr)
Dose rates per unit mass could be calculated from the curies of

Pu-238 present, the energy of the alpha particles, and the mass of
concrete in the sample. ‘

AD _ AEaCi
where
A = activity = [3.7 x 1010 dis/(sec)(Ci)][60 sec/min]
= 2.2 x 1012 dis/(min)(Ci) for any radionuclide
Eq = energy of alpha particle
= 5.49 x 105 eV/a for Pu-238
Ci = curies of Pu-238 present in concrete

M = mass of concrete (cement + water + ash), grams

Second, G values for the production or depletion of individual
gases, G(i), were calculated from the total dose and the composi-
tion of the gas mixture at the end of each test:

NV 100

G(i) = AP(i) . R D (3)

where
P(i) = pressure change for gas i
D = total dose to the sample = (AD/At) . t
The final pressure of gas i was calculated from the final total

pressure and the fraction of gas i in the final gas mixture. This
fraction was determined by gas chromatography.

- 13 -




Apparatus for the High Pressure Test

The high pressure test is being conducted in a Parr bowb re-
action vessel* capable of withstanding a pressure of 4500 psig.
Attached to the bomb is a rupture disc rated at 3000 psig and a
0-2500 psig sputtered gage pressure transducer** capable of with-
standing 7500 psig. The reaction vessel was completely filled
with the concrete mixture (474 mL). Total free volume in the
transducer, rupture disc, and comnecting valve to the transducer
is only 4.5 mL.

Calibration of the transducer was checked by hydrostatic
testing. The output was linear with pressure (Figure 3). The
sensitivity was 30.9 mV for 2500 psig. This value agreed within
0.6 percent of that cited by the manufacturer. The long-term
performance stability of the transducer is rated at +0.1Z by the
manufacturer.

Sample Preparation for the High Pressure Test '

Weighed amounts of portland Type I cement and calcined ash
were mixed and placed in the glove box. A weighed amount of
PuOy containing Pu-238 was then mixed into the dry mix. A
weighed amount of water was added and a paste made. A 474 mL and
a 10 mL container were then filled with the paste. The mixing
vessel and the small container were weighed so that the amount of
paste added to each container could be calculated. A balance
suitable for weighing the concrete in the large container was not
available in the glove box. After the samples had cured one day,
the samples were sealed to the pressure transducer. The smaller
container had a 0 to 50 psi transducer. Final compositions of the
samples and the void volume in the smaller container are given in
Table 2.

Calculation of the Porosity of the Ash-Concrete
from High Pressure Data

The volume available to the gas in the high pressure test can
be calculated from the initial rate of gas production and the dose
rate in that test along with the value for G(total) obtained from
the test with the smaller aliquot of the concrete. The porosity
of the concrete can then be calculated knowing the volume of the
concrete. The equation for the volume of the gas is obtained by
rearrangement of the equation for G(total).

* Parr Instrument Co., Moline, Illinois.

*% Bell & Howell, CEC Division, Pasadina, California.

- 15 -




container very small (0.0045 L) and by using the high pressure
container described earlier. The three possible hazards associated
with this test are:

e Production of Hgp within a glove box

® Presence of a gas at high pressures (maximum to be tested
500 psi) within a glove box

® Presence of an explosive mixture of Wy and Oy in the glove
box.

The production of Hy and possible formation of a flammable mix-
ture within the box itself is not a significant hazard because of
the low production rate of Hp. Air flow through the box would
have to be stopped for more than three vears for the Hp concen-
tration in the glove box to reach its lower flammability limit in
air (4 percent).9 ‘The hazard associated with presence of a gas

at a high pressure is not significant because of the small free
volume in the high pressure container. If for some reason the gas
vents while at 500 psi, the pressure within the glove box would
still be less than atmospheric. The possibility of an explosion
is minimized because the gas will always be at room temperature
unless an external fire occurs. At room temperature, mixtures of
Hy and 09 will not explode unless a source of ignition is present
or if the pressure exceeds 1000 psi. The value for this pressure
is based on an extrapolation of the spontaneous explosion limit
for Hy-0, mixtures.l0 In the present test, no source of ignition
is present, and the possibility of an external fire has been
minimized by removal of all flammable material from the glove box.
If an explosion did occur, the only damage would be to the 3000
psi rupture disc. It would fail, and the gas would vent to the
box. Again, because of the small amount of gas present (0.0045 L),
this venting would not pressurize the box. Finally a shield is
present to prevent the fragments of the rupture disc from damaging
the glove hox if the rupture disc fails.

Long-Term Low Dose Rate Test

As indicated earlier, the alpha dose rate in actual waste
will be less than that used in the laboratory tests. For example,
actual waste will probably have a dose rate <4 x 1014 eV/min
per gram of concrete, while the laboratoryv tests have used higher
dose rates. Tests had been performed earlier at two different
dose rates (1016 and 1017 eV/min per gram of concrete) for portland
Type I and high alumina concrete.”’ No dose rate effect on the
values of G(Hy) was observed. As a further test of dose rate
effects, a test on each concrete was performed at a lower dose rate
(about & x 1015 ev/min per gram of concrete) for the two tvpes
of cement.




Pu-238 added to the concrete. Also, these concretes were prepared
in removable plastic molds. After the concrete had cured for
several days, the molds were removed, and the samples were placed
in steel test tubes that were then attached to the pressure
transducers.

Pressure changes for the two samples are shown in Figure 4.
The large scatter of the data is a result of temperature fluctua-
tions since no attempt was made to control the temperature.
Analysis of the gas after the tests showed that in both cases, the
partial pressure of Ng was unaffected by the radiolysis while
that for Og decreased. This decrease resulted in the.G values
presented in Table 4. With high alumina cement, the 02 pressure
decreased faster than Hy was produced, thus causing a decrease
in the total pressure. The larger decrease in 0O with high
alumina cement compared to portland Type I cement has been ob- .
served with other samples. For both concretes, the pressure
decrease was significant during the first 100 hours of the tests.
After this, the pressure increased linearly for the portland
Type I cement. The value for G(total), 0.23 molecules/100 eV is
less than G(Hp) + G(02), 0.43. This difference could be due to
experimental error in calculating the change in Oy pressure
during the test from the difference between two relatively large
numbers. G(total) for the high alumina concrete was not calcu—
lated because the pressure decrease was not linear.

PROGRAM

Funding for this program ends May 30, 1980. Four final ex-
periments are in progress and will be completed by May 30, 1980,

e The high pressure experiment will be continued until the total
pressure reaches 500 psig. At this time the gas will be
analyzed for its composition and pressure effects.

e Compressive strengths of concretes dried at 200°C will be
measured and compared with those of samples not dried. This
will determine if drying decreases the effectiveness of con-
crete as a solidification matrix for incinerator ash.

e Water will be added to a concrete containing NO; to determine
if NOy can significantly reduce G(Hy) in presence of excess
water as it does in concrete containing about 20 percent water.

e The rate of water absorption upon standing at ambient condi-
tions by concrete dried at 200°C will be measured. This will
give an estimate of how soon containers of concrete and actual
waste have to be sealed. after drying.

A final report summarizing all the results obtained in this
program will be issued.

- 19 -




TABLE 1. Results of Irradiation of Two Aliquots of Portland Type I Concrete
for High Pressure Test

Final
Sample Irrad. Pressure, Composition, % G Values
ﬂumber Time, hr psia H2 O2 N2 ETHZ) G(Oz) G(Total) G(OZ)/G(HZ)
1-7 823 1302 64.2 34.9 0.8 b b b 0.54

1-8 629 8.5 41.0 33.1 25.9 0.28 0.16 0.42 0.57

‘a. Tests showed that this final pressure was low because a leak had developed.

b. Not calculated because of the total void volume of the container was unknown,
and a leak had developed.
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TABLE 3. Composition of Concretes for Low Dose Rate Tests

Sample Composition Void Volume in Dose Rate, eV/(min)
Number Cement, g Ash, g Water,gd Pu-238 Container, mL (g of concrete)
HAC-1 9.56 4.09 5.13 0.0064  23.5 4.1 x 1015

1-3 9.94 4.24 5.90 0.0073  20.2 4.6 x 1015

a. Added as about 0.2M HySO; to prevent precipitation of the plutonium. This is
the amount of water that remained after curing.

- 23 -




, psig

X | 1 ] L |

200 400 600
irradiation Time, hr.

FIGURE 1. Radiolytic Pressure Increase with Portland Type I
Concrete in the High Pressure Test

o
"

Leak Present

= Current Test After Leak Corrected

[

~ 25 -




Output, mV

FIGURE 3.

] ] | |
200 400 600 800 1000
Pressure, psig

Calibration of the Pressure Transducer for the
High-Pressure Test

- 27 -







Proceedings
of the
International Conference

on

DECOMMISSIONING AND DECONTAMINATION

and on

NUCLEAR AND HAZARDOUS WASTE MANAGEMENT

Volume 1

September 13-18, 1998
Denver, Colorado

Sponsored by

American Nuclear Society
U.S. Department of Energy
Colorado & Idaho Sections of the American Nuclear Society
Fuel Cycle & Waste Management Division
Environmental Sciences Division
Decommissioning, Decontamination and Reutilization Division

Published by the
American Nuclear Society, Inc.
La Grange Park, lllinois 60526 USA




GAS GENERATION IN MAGNESIUM-PHOSPHATE CEMENT SOLIDS
INCORPORATING PLUTONIUM-CONTAINING ASH RESIDUE

David B. Barber
Argonne National Laboratory
P.O. Box 2528
Idaho Falls, Idaho 83403-2528
(208)533-7435

ABSTRACT

The applicability of acid-base cements, which have
also come to be called chemically bonded ceramics
(CBCQ), to Pu-containing residues within the DOE
complex is being investigated. This preliminary inquiry
considers CBC stabilization of ash residues from the
inventory at the Rocky Flats Environmental Technology
Site (RFETS). The ash residues have been successfully
stabilized in CBC. Results of ongoing radiolytic gas
generation measurements are discussed. Hydrogen
release from CBC waste forms seems acceptable and
lessons have been learned which will support successful
production-scale application of acid-base cementation to
the Rocky Flats ash residues.

INTRODUCTION

Approximately 125 t (metric tons) of Pu-containing
residues exist within the U.S. Department of Energy
(DOE) complex at former defense related facilities.'
Among these holdings are over 20 t of ash, ash heel, soot
and associated fines in storage at the former Rocky Flats
Plant near Denver, Colorado. This material awaits
stabilization into a form which is transportable to the
Waste Isolation Pilot Plant (WIPP) in a TRUPACT-II
shipping package, which accommodates maximum
fissile loading through pipe component compatibility,
which meets both the waste acceptance criteria and
quality assurance mandates of the WIPP, and which
satisfies safeguards termination goals by matrixing
fissile material such that it is “practically irrecoverable”
or, more generally, unattractive for diversion. Cold
ceramification using CBC has proven effective for
stabilizing fine debris tainted with Resource
Conservation and Recovery Act (RCRA) regulated

458

hazardous metals into leach resistant ceramic-like
monoliths through simple non-thermal preparation.?-*
CBC may be a favorable technology for stabilizing
Pu-containing residues.

A primary component in acid-base cementation is
the collection of amorphous silicates and aluminates
commonly known and readily available as flyash. Since
flyash is a base ingredient in the CBC process itself, col:
ceramification of Pu-bearing ash residues, with the
contaminated ash replacing some or all of the innocuous
flyash in each batch, seemed a reasonable first step of
inquiry for CBC application to the larger varying
inventory of residues. Therefore, the applicability of
CBC to the Rocky Flats ash inventory is being
cvaluated.

In application of acid-base cementation to this
residue waste stream, the primary, and essentially sole,
validated waste form performance criterion requiring
testing at this time is characterization of radiolytic gas
generation. As a new potential WIPP-bound waste forr
it is understood that gas generation characterization wil
be through the path of physical testing methodologies &
opposed to through analytical techniques which have
been developed to support TRUPACT-II loading of,
principally, untreated wastes. This paper looks at the
gas generation potential of monoliths formed with
Rocky Flats ash and ash heel to bracket expected
radiolytic gas generation rates among the population o!
CBC monoliths which will be created in large scale
application of the process to Rocky Flats ash residues.
In so doing, this data supports a go versus no-go
decision regarding deployment of the process at Rocky
Flats.




, The gas generation standards facing TRUPACT-

B J1-carried WIPP-bound wastes are based on prevention
' of explosive environments within either the free volume
" of a TRUPACT-II shipping package or any smaller

% confinement layer (e.g., the free volume of an individual
E container) during a presumed sixty day transport period.’
. Accumulation of hydrogen is limited to five volume
(generally interpreted as the more restrictive free
volume) percent within any payload confinement layer
over sixty days. Accumulation standards also exist for
volatile organic compounds, but comparisons to this
standard are not made in this paper as such species (the
most notable and likely species being methane) have not
yet accumulated significantly in any of the test systems

By in this project.

: At the present time, a validated quantitative
performance specification for satisfaction of the

& essentially qualitative safeguards termination

F: - unattractiveness goals has not yet been established,
E  though suggested procedures have been developed.®
& This paper does not, therefore, discuss actinide

F- recoverability from CBC waste forms.

& TECHNOLOGY BACKGROUND

Though largely overlooked in waste stabilization

I efforts to date, there exists a promising group of

B’ cementitious binding processes which are implemented
with the operational simplicity of a nonthermal batch

k' mix-and-set process, like typical hydraulic cements, but
2 produce final solids with mechanical strength and

¥ component binding properties similar to those of

fi ‘thermally fused ceramics. The strength of these

¥ materials derives from their formation through acid-base
jreactions and the subsequent dominance of ionic and
Bicovalent bonding in the final structure. Such bonding is
dpreferable to the weaker hydration and van der Waal’s
fbonding which forms typical hydraulic concrete. The
imaterials are rightly classified as acid-base cements but

pamcularly relative to the high heat requirements
assocxated with the production of materials typically

: _l’cponderance of phosphate based systems has given
ﬂSc to anothcr common name for these materlals that
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Materials scientists A. S. Wagh and D. Singh* of
Argonne National Laboratory recognized the potential of
these materials for radioactive and mixed waste
stabilization and have secured a patent, the exercise of
which is freely available to any DOE facility, for such
applications.” Their work has focused quite
successfully on enhancement of the acid-base chemistry
to favor metal, and particularly RCRA-regulated
hazardous metal, fixation both as lesser soluble
phosphates and then as bound phosphates within the
final solid matrix.

Each of the particular formulations discussed in the
listed references shares the commonality of solidification
with tailored acid-base reactions, typically aided by the
presence of flyash. Most of these reactions free
magnesium from magnesia to join in any of a great
variety of final phosphate compounds as determined by
the particular species of phosphate introduction and
other reacting components present. Various specific
reacting systems differ with regards to rates and heats of
reaction as well as with respect to final and byproducts
produced. Some systems produce byproduct waste
gases. The particular form of CBC being applied in this
project is that which was successfully applied to mixed
wastes at Argonne National Laboratory - West (ANL-W)
as discussed in reference 4. It combines reacting binders
of magnesia (reduced in reactivity through calcination or
dead-burning) and monobasic potassium phosphate in
the presence of water to form the primary system binder
of hydrated magnesium potassium phosphate by the
following reaction:

MgO + KH2PO4 + 5SH20 — MgKPO«. 6H20

This system does not produce byproduct reaction
gases during formation. The typical preferred batch
composition is, by mass, one half ash, one third reacting
binders, and one sixth added water. As will be noted
later, water was actually introduced in excess of process
requirements in this project to permit study of bound
versus unbound water radiolysis response. Preferred
binder introduction is as fine powders. Reaction kinetics
and degree of completion are limited by diffusion at the
magnesia surface. Mass distribution of reacting binders,
as dictated by the stated reaction stoichiometry, is three
parts calcined magnesia to approximately ten and one
half parts monobasic potassium phosphate.

® A.S. Wagh and D. Singh may be reached at Energy
Technology Division, Argonne National Laboratory, 9700 South Cass
Avenue, Argonne IL, 60439.




WORK DESCRIPTION

Ash residue samples from Rocky Flats have been
obtained and stabilized in CBC at ANL-W. In this initial
test, ten ash-containing CBC monoliths were produced.
These monoliths are now serving as test specimens in
waste form characterization activities.

Samples of pulverized incinerator ash, Item
Description Code (IDC)® 420, and ash heel (IDC 421)
were obtained for this investigation. These are just two
of several residue classifications associated with
operations of the Rocky Flats incinerator but, together,
these two IDCs comprise 96% of the approximately 20 t
of incinerator-produced residue holdings at RFETS. The
IDC 420 ash is the bottoms ash from a grate style,
typically inefficient, incinerator which was subsequently
pulverized in a ball mill. IDC 421 ash heel is the residue
remaining after one or more attempts at actinide
recovery from IDC 420 ash; fissile material remaining in
ash heel is that which could not be economically
recovered from the pulverized ash by conventional
means. Typical incinerator feed included paper towels,
wood filter frames, polyethylene bags, polyvinyl
chloride bags, cotton coveralls and various rubber
items.?

The pulverized ash used in this study contained
0.3 wt% Pu of weapons grade distribution with
0.22 wt% of the actinides present being Am-241.” This
ash had a density of = 1 g/ml. A 2-step Loss on Drying
(1LLOD) followed by a Loss on Ignition (LOI) test has
been performed on the IDC 420 ash (RF ldentification
No. 07373028) used in the process demonstration. The
LOD test held the sample at 100 °C for one hour. Pre
and post LOD mass measuremeants indicate a 1 % mass
loss in the LOD which is presumed to be due to unbound
moisture removal. The subsequent higher temperature
LOI heat up/cool down cycle occurred over eight hours
and included two hours residence at the peak
temperature of 1000 °C. Pre and post LOI mass
measurements indicated & 9.8 % mass loss in the LOI
which was attributed to ignition of residual organic
matter. This finding of approximately 10% residual
unoxidized organic material is in excellent agreement
with findings in similar LOI tests done at RFETS.*

The ash heel used in this study was of similar
density and contained approximately 12 wt% actinides

® Ihe ltem Description Code label references a unique
material identification system employed within the DOE complex.

of the same isotopic distribution as the ash.>® The ash
heel did not have Rocky Flats identification labels. The
heel came to be in ANL-W'’s possession following a
repackaging operation and inventory reduction
campaign at Lawrence Livermore National Laboratory
in 1992. This heel was to have been used to support an
actinide recoverability testing program several years
ago. The program was canceled after ANL-W received
the ash heel but before recoverability work could be
initiated.’® Due to the highly oxidative nature of the
actinide recovery attempts, this heel, like the inventory
of IDC 421 ash heel at RFETS, is believed to be void of
even trace reduced organic material. A verification LOI
was not conducted.

These two samples, ash and ash heel, were
conveniently placed at extremely low and fairly high
(= 92™ percentile) actinide concentrations with respect
to the concentrations present in the overall ash residue
inventory at Rocky Flats (Figure 1) such that aliquoting
and mixing of these two residue samples was a viable
method to create a variety of samples of varying
intermediate actinide concentrations and with varying
residual organic presence. Consequently, a range of
monoliths were able to be formed which represent the
much larger inventory of monoliths which might be
produced at RFETS.
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Figure 1: Mass Distribution of RFETS Ash Residues ‘f‘
per Actinide Concentration. ',:

Particle size distribution was not characterized with
either the ash or heel. However, based on macroscopic -1
inspection, it may be approximated that the ash varied .5
from fine powder (50 um) or less up to inclusion of .3
small pieces with diameters of several millimeters. The f
M

ash heel was all fine powder. Neither clemental assays
nor X-ray diffraction spectrums were obtained for either :
the ash or ash heel; deterministic characterization to i
great detail, as is typical for surrogate work, was not
considered necessary as this study did, in fact, have

i




actual RFETS ash inventory samples.

The primary focus of this study is characterization
of radiolytic gas generation in actinide bearing CBC
monoliths with an aim of bracketing the range of
gaseous release rates, particularly of gaseous hydrogen
but also of volatile organic species, which may be
anticipated in application of CBC to the entire inventory
of RFETS ash residues. To this end, the sample ash and
heel was principally apportioned to support production
of a set of seven 400-g monoliths for gas generation
testing. Every effort was made to choose monolith
production data points such that the largest possible
coverage of the population of production possibilities at
RFETS would be spanned. In so doing, fissile material
loading was caused to range from 1 wt% to 5 wt%
(referenced to final monolith mass) across the group of
seven test monoliths, water was added in excess of
actual requirements ranging from 1 wt% to
approximately 6 wt%, and residual organic
concentration varied from 0 wt% to 4 wt%.

It is believed that some ash in storage at RFETS
may contain particularly high organic concentrations up
to about 40 wt%,* i.e., these residues are almost as
much ball-milled uncombusted feed as actual ash.
However, as an actual stabilization campaign at RFETS
will necessarily include feed prehandling, segregation,

. and mixing to satisfy fissile material loading constraints,
¥ opportunity will also be provided to consider and

& influence residual organic content in batch preparation.
£ This opportunity, properly exercised, in combination

t: with anticipated effective dilutions with innocuous

B flyash, is anticipated to keep residual organic

k' concentrations in final monoliths in the low few percent
B range. That being the case, residual organic presence of
k the population of likely producible CBC monoliths at

¥ RFETS is well spanned by this test array. Together,

' then, the test array discussed herein is estimated to span
J. alarge fraction of the probable production population

& Which may result from a CBC stabilization campaign at
it RFETS with regards to fissile loading, excess water

¥ presence and residual organic presence.

: Details of ingredient additions for the seven

5 monolith test array may be found in Table 1. The

&' fabricated monoliths included necessary process binders
¥ (i.c., calcined magnesia (MgO) and monobasic

¢ potassium phosphate (KH,PO,)), water, and, for some

3 € Both binders were provided by A. S. Wagh and D. Singh.
; The magnesia was originally analytical grade purchased from
: Mallinckrodt as the dcad-bumt oxide and further calcined to reduce its
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specimens, a low-Fe Class F Flyash® as needed to
complete the 50 mass percent ash contribution integral to
the process. Also, this group of monoliths was
purposefully formed with excess water to aid
characterization of the water radiolysis effect.

Additionally, two 400-g monoliths were fabricated
for actinide recoverability testing should a performance
specification for actinide recovery from stabilized
residues become validated. Finally, one 2-1 monolith
was formed for demonstration of the process at a likely
scale of application at RFETS.

These ten CBC monoliths were fabricated in an air
atmosphere plutonium handling glovebox in the
Analytical Laboratory at ANL-W in November, 1997.
Required fabrication equipment included a scale and a
stand mixer. All mixing was done in high-density
polyethylene containers. It is understood that radiation
interaction with the plastic containers is itself a minor
source of radiolytic gases. However, this source is
extremely trace when compared to the gaseous
emanation from within monoliths themselves and not
significant. The seven 400-g monoliths being used for
gas generation characterization were mixed in 250-ml
polyethylene containers. Each monolith required a
twenty minute mixing time and was sufficiently
hardened within two hours to begin monolith post-mix
handling.

The seven monoliths purposed for quantifying
radiolytic hydrogen gas generation were carefully
bagged out of the fabrication glovebox into filtered bags.
Individual monoliths-in-filtered bags were then loaded
into individual test canisters in a separate
argon-atmosphere alpha glovebox dedicated to radiolytic
gas quantification. Each test canister was aggressively
purged with nitrogen for a minimum of twenty-four

reactivity. The monobasic potassium phosphate was food grade
purchased from FMC.

d Class F Flyash from the Jim Bridger Power Piant in Rock
Springs, WY, was used. This ash was analyzed to be 65.4 wt%, 16.4
wit% and 5.03 wt% oxides of Si, Al, and Fe, respectively. It had a low
lime content, less than 6wt%. It was quite fine, only 26% being
reatined on a 325 mesh (45 um) sicve. It was supplied by Pozzolanic
Interational, P.O. Box 21679, Salt Lake City, UT 84121, '

€ Arrow-850 mixer, available from Arrow Engineering,
260 Pennsylvania Ave, Hillside, NJ 07205, mounted on a custom
mixer stand. The mixer shaft had a variable revolution per minute
(rpm) capability with a referenced maximum speed of 1000 rpm and a
maximum torque delivery of 0.8 N-m.




Table 1: Constituent Additions to Seven Monoliths Used in Gas Generation Characterization.

IDC420  IDC421 Class F Total

Monolith Ash Ash Heel Flyash MgO KH,PO, Water Mass
No. (8) (8) (g) (®) () (8) (&)

1 161.7 30.6 0.00 29.3 99.1 95.7 416 o

2 86.1 243 77.0 29.3 99.4 90.4 407
3 90.8 96.4 0.00 29.7 98.7 86.8 402
4 0.00 334 153.8 29.3 98.9 83.5 399
5 0.00 101.1 87.2 29.4 99.4 78.7 396
6 0.00 166.4 21.0 296 99.2 89.5 406
7 0.00 32.7 153.6 30.1 99.2 69.8 385

hours then sealed. The moment of canister sealing
(Table 2) denotes the beginning of the radiolytic gas
accumulation test period for each sample. All canisters
were sealed with initial nitrogen-atmosphere pressures of
approximately 0.23 MPa. This value was chosen to
provide sufficient driving pressure for up to ten
sampling events for each canister over the duration of
the experiment while, simultaneously, keeping total head
space density, and, therefore, dilution of radiolytic gas
by inert carrier gas, to 2 minimum. The free volume of
the test canister serves as the gas accumulation region.

Use of the filtered bags, custom fabricated at
ANL-W for this purpose, allowed caps to be removed
from monolith containers within the breathable bags
thereby allowing gas diffusion from the polyethylene
containers containing individual monoliths into the
larger head spaces of the respective gas generation test
canisters while still maintaining a high level of
particulate containment to protect the new test canisters
from surface alpha contamination. Parameters germane
to analysis of radiolytic gas data for the seven test
monoliths are detailed in Table 2. Canister head space
sampling began with a first round of sampling in
January, 1998. A second round of head space samples

was extracted and analyzed in April, 1998. The
canisters remain sealed and are still actively
accumulating radiolytically generated gases as of this
writing.

DATA

_ Stabilization of Rocky Flats ash residues into high
integrity solids using CBC has been demonstrated.
Fabrication proceeded normally. All batches were :
readily mixed and desired binding reactions proceeded at
normal rates. Single use peak temperature recorders g
were used to track peak curing temperatures. The
average peak curing temperature for all monoliths was
about 323 K. All solid monoliths, based on rough 3 4
comparison of mass to volume, have densities of about °
1.9 g/ml, which is typical for the process.

The most recent round of generated gas
characterization data is listed in Table 3. Thus far, the
only regulated gas to have accumulated in any of the test °
canisters at significant levels is diatomic hydrogen. !
Therefore, only characterization of radiolytic hydrogen !
generation is considered here. ;

= xa

Table 2: Parameters Essential to Radiolysis Gas Data Analysis. 3
Date and Time of Energy Deposition '
Monolith Test Canister Rate Organic Added Water
No. Isolation (eV/day) (mass percent) (mass percent)
1 12/04/97 08:45 5.92E+21 3.81 23.0
2 12/23/97 13:30 4.48E+21 2.08 222 4
3 12/15/97 14:15 1.65E+22 221 216 :
4 12/16/97 14:30 5.56E+21 0 20.9
5 12/10/97 14:00 1.68E+22 0 19.9
6 12/11/97 14:45 2.77E+22 0 22.1 .
7 12/09/97 14:30 5.44E+21 0 18.1 X2
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Table 3: Mid-April 1998 Gas Canister Sampling Data.

- Diatomic

Monolith Date and Time of / Accumulation\ Canister Canister ~ ° Hydrogen
No. Head Space ; Period Pressure Temperature :  Presence
Sampling / (days) (Pa) (X) (ppm)
1 04/14/98 09:15 131.02 \ 2.363E+5 296.1 ¢ 6,028
2 04/13/98 13:30 111.00 2.305E+5 2953 ‘ 2,996
3 04/13/98 10:45 118.85 : 2.322E+5 295.7 10,993
4 04/13/98 11:45 117.89 2.287E+5 2955 ¢ 2,837 i
5 04/10/98 13:30 120.98 2.322E+5 2957 | 7,086 )
6 04/10/98 15:00 120.01 2.347E+5 295.6 14,310
7 2.301E+5 295.9 1,042 /

04/10/98 11:45 121.89

\_/'/ A I

Each sampling event involves expansion of an
isolated canister environment into a previously
evacuated sample line followed by canister re-isolation
followed by expansion of the gaseous sample aliquot in
the sample line through a gas chromatography system.f
At the point the sample line and test canister are
connected, system temperature (to three significant .
digits) and pressure (within 100 Pa) are recorded.® The
free space volume of each canister and sample line
system has been determined to be 6.750 liters (within
0.035 liters). Simultaneous knowledge of system
temperature, pressure and volume allows calculation of
total moles of gas in the system by ideal gas relations
(cntirely reasonable application at low pressure). The
product of total moles present and concentration of any
species (from gas chromatography) yields an accurate
measure of the moles of any particular species present in
.the system at time of sampling. For the first sampling
event in January, 1998, moles of hydrogen, for instance,
found in the system (i.e., any single CBC monolith in
test canister system) were attributed to production by
radiolysis between the time of canister sealing and head
space sampling.® All sampling events after the first
include consideration of gas species taken from the
system in previous sampling events in summing to

f Hewlett Packard 5890 Series If Gas Chromatograph.

€ Pressure measurement is with an in-line Mensor 2100
DPG fabricated by Mensor Corporation, 2230 IH 35 South, San
Marcos, TX 78666.

b Note: earfier work with nonradioactive CBC samplcs
investigated gascous diffusion rates through the material and
concluded that such diffusion was sufficiently rapid to negate
consideration of production to relcase time lag effects from this
analysis methodology.

determine total numbers of a particular gas specicy’x
produced. : -

The most rmm athering also found indication
of methane presence (at abob the detection limit of the
gas chromatography system) ih the head space of the
monolith among the test array having the highest organic
loading. Methane is certainly one of the most common
radiolytically produced gagés from organic sources and
worthy of discussion ag¥olatile organic vapors/gases are
AC-II loading guidance.
However, due to its occurrence at a very low
concentration in only a single sample, correspondingly
imprecise prediction statistics does not support
meaningful discussion of methane production rates from
organic containing CBC monoliths at this time.

Bracketing of radiolytic gas generation and release
rates will be through calculation of "G-values" which
include normalization with respect to ionizing energy
deposition. As energy deposition is itself a function of
fissile loading, the G-value normalization leaves only the
two parameters of water concentration and residual
organic material concentration against which calculated
G-values may be compared. The units of G-value are,
broadly, gas produced per ionizing energy deposited,
and, more specifically regarding diatomic hydrogen,
molecules of the hydrogen produced per one hundred
electron volts (eV) deposited. Each of the seven
hydrogen G-values computed for each of the seven test
monoliths is the quotient of molecules of hydrogen to
have been produced in the system during the period of
accumulation (i.e., sum of molecules of hydrogen
present in the system at the time of sampling and
molecules of hydrogen taken from the system in
previous sampling events) to the total ionizing energy
which had been deposited in the system during the
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period since test canister sealing (various dates in
December, 1997, as listed in Table 2) and the time of
sampling (April, 1998, specific dates listed in Table 3).

The seven computed G-values for the test array,
based on approximately four months of radiolytic gas
accumulation, are listed in Table 4 and plotted against
added water content and against organic content in
Figure 2.

Table 4: Hydrogen G-Values Based On
Mid-April 1998 Test Canister Sampling.

Hydrogen G-Value
Monolith (molecules of Hy/100 eV
No. deposited ionizing energy)

0.303
0.230
0.215
0.164
0.134
0.167
0.0597

~N N W A WON e

Scanning from left to right in Figure 2, the order of
data points correspond to monoliths 7, 5, 4, 6, 2, 3, and
1. It should be noted that the "wt% water" axis in
Figure 2 refers only to added water and its relative
fraction of the total final monolith mass (as detailed in
Table 1) and does not attempt to account for water
produced in the desired acid-base binding reaction(s).

As stated previously, this data gathering is intended
only to bracket gas generation potentials and does not
suppose to develop a conclusive predictive model of
radiolysis in CBC waste forms. Nonetheless, a simple
regression fit to the data, first order with respect to
added water weight percent and first order with respect
to residual organic weight percent, has been performed
(” = 0.98) The perimeter of the plane formed by this fit
is included in Figure 2. The statistics of this fit estimate
the G-value for hydrogen to increase by 0.024 for each
weight percent of added water (relative to final mass) in
excess of stoichiometric requirements and, similarly, the
regression fit estimates the G-value for hydrogen to
increase by 0.028 for each weight percent of residual
organic material present in the final waste form. For
both excess water and residual organic matter, the
G-value response seems quite linear. A most important
observation to be gleaned from the plot of Figure 4 is
that hydrogen G-value response for water is essentially
zero at about 16 wt% added water and less. This

demarcation corresponds to the amount of water
believed to be structurally fixed in the hydrated
magnesium potassium phosphate which binds these
monoliths. This demonstrates that bound water is
essentially unavailable for degradation by radiolysis into
gaseous species and that only unbound water in the pore
space of final waste forms is available to contribute to
hydrogen generation by radiolysis. This effect is not
unique to the CBC waste forms as it has also been noted
in more conventional hydration-bonded based
solidification processes.*
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Figure 2: Plot of Calculated Diatomic Hydrogen “G-
Values" (i.e., Molecules of H, Being Created and
Released per 100 ¢V of Ionizing Energy Deposited)
Versus the Two Principal Hydrogen Sources, Added
Water and Added Residual Organic Matter (From IDC -
420 Ash). Includes Planar Fit to Data (R* = 0.98) and -
Calculated Target Performance Plane at G = 1.3.

Figure 2 also includes, at the top of the plot, a
perimeter defining a plane at the G-value equals 1.3 .
level. This plane represents an approximate
performance specification against which the actual
G-value data may be considered. This performance
specification estimate was back-calculated as the :
hydrogen gas generation response of a final waste form,
regardiess of type, that would produce a § % hydrogen
concentration within the out-of-drum free space volume
of a TRUPACT-II shipping package (approximately
three cubic meters) during a sixty day accumulation
period (per TRUPACT-II requirements) with a source g,
term of fourteen pipe component-in-drum waste




packages each of which contains 167 grams of Pu-239
and associated other actinides in a typical weapons grade
distribution. This calculation attributed a collective
2E+26 ¢V of ionizing energy to be deposited in the
described system with relative nuclide-specific
contributions to net ionizing energy deposition for the
composition as follows: Pu-238, 2.2 %; Pu-239, 70.1 %;
Pu-240, 16.1 %; Pu-241, trace; Pu-242, trace; and Am-
241, 11.6%.

CONCLUSIONS AND DISCUSSION.

Monolith fabrication with Pu-containing ash
residues proceeded without abnormal occurrences.
Neither the IDC 420 ash nor the IDC 421 ash heel
stabilized in this study resisted stabilization by the acid-
base cementation process discussed herein. Mixing
properties, reaction rates and setting times with the Pu-
bearing materials in an air-atinosphere glovebox were no
different than without Pu and outside a controlled
atmosphere. There is no known reason to consider some
portions of the ash inventory at RFETS to have
constituent properties significantly different from the ash
and ash heel stabilized in this project. It is, therefore,
concluded that CBC is a viable technology for RFETS
ash residue stabilization.

As the fabricated test array included a wide range of
residue waste loadings ranging from less than ten to
almost fifty percent, (refer to Table 1), it may be
concluded that the process is versatile and will easily
accommodate various waste feed concentrations in a
stabilization campaign which also meets strict pipe
component fissile loading requirements.

Radiolytic hydrogen generation within CBC
monoliths seems to be within acceptable limits. Or,
more precisely, insight has been gained to direct CBC
production to ensure that radiolytic hydrogen generation
will be within acceptable limits. The data presented here
provides two clear directives for operational planning in
acid-base cementation of RFETS ash residues. These
are 1) water addition should be at levels to support
reaction stoichiometry (about 16 wt% of constituent *._
additions) while avoiding excess and 2)
blending/batching should be employed to keep organic
concentrations low.
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ABSTRACT

Radiolytic gas productian during long-term storage of triti-
ated waste was estimated from gamma and alpha radiolysis tests
to determine the extent of pressurization in sealed containers.
Two forms of simulated wastes were irradiated with ®%°Co gamma
rays or 2*“Cm alpha particles: concrete for solidification of
tritiated water and vermiculite for solidification of tritiated
octane or vacuum pump oil. Results of these test irradiations
were used to estimate the effects of beta radiolysis. For con-
crete, the gamma and alpha radiolysis results predicted that H;
will be formed by tritium beta particles with an initial rate
of 0.1 to 0.3 molecule for every 100 eV of energy absorbed. Also,
as the H; pressure increases, this 100-eV yield decreases because
of a reaction removing H,. Eventually, a steady state pressure
that depends on the radiation intensity will be attained. For
intensities less than 10° rads/hr, the steady state pressure will
be less than 20 psi. Oz in the air sealed with the concrete will »
be almost completely depleted, and N2 will be unaffected. For
the organic materials sorbed onto vermiculite, the gamma and alpha
radiolysis results predicted that H, and traces of CHy and CO;
will be produced. For tritium beta particles, the 100-eV yields
for Hy; based on energy sorbed by the organic materials are 4.4
for octane and 2.2 for vacuum pump oil. In the containers, steady
state Hy pressure will not be attained at pressures up to at least
200 psi. As with the concrete, O; will be nearly completely de-
pleted and N, will be unaffected. The 100-eV yield for H, pro-
duction was used to calculate pressure increases in conceptual
tritiated waste packages.
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RADIOLYTIC GAS PRODUCTION FROM TRITIATED WASTE FORMS
GAMMA AND ALPHA RADIOLYSIS STUDIES

INTRODUCTION

Various types of waste materials containing tritium, 3H,
from nuclear processing facilities are incorporated into solid
materials and packaged for long-term storage and isolation from
the environment. Current solidification methods are incorpora-
tion into cement-plaster mixtures for aqueous wastes and sorption
onto vermiculite for organic wastes.! These materials are then
sealed in steel drums for storage. Other solidification methods
such as incorporation 1nto stable organic polymeric materials are

also being investigated.?

During long-term storage of the waste, °H beta radiolysis
of the water or organic materials will produce Hz gas. H2 could
eventually pressurize the containers or produce flammable gaseous
mixtures. Although the radiolysis of water and of many organ1c
compounds has been extensively studied in the pure state, ®
materials have not been irradiated in matrices suitable for
storage of radioactive waste. Even though certain predictions
of radiolytic gas behavior can be made from results of radiolysis
of the pure compounds, the pressurization or flammability hazards
during long-term storage can best be evaluated from radiolysis

of the waste form itself.

This report presents an estimation of H, production from
in situ beta radiolysis of a concrete containing tritiated water
and of vermiculite containing sorbed tritiated organic waste.
Estimates were based on exger1menta1 data for the 100-eV yields
of H, from %°Co gamma and **“Cm alpha radiolysis of the two waste
forms: The estimated rate of Ha for 3H beta radiolysis was inter-
polated from the rates of gamma and alpha radiolysis as a function
.of linear energy transfer (LET) of the three radiations. LET,
the average amount of energy lost per unit path length as the
radiation passes through a substance, strongly affects the
efficiency of radiolytic decompos1t1on and, consequently, gas
production.® The LET values for °°Co gamma and ““Cm alpha
radiolysis bracket that of H beta radiolysis.® Once the 100-eV
yield for H; production for ’H beta radiolysis was estimated,
this value was used to calculate pressure increases in containers

of tritiated waste.




This approach was chosen rather than using *H as the radi-
ation source because this laboratory is especially suited for
gamma and alpha radiolysis studies. For gamma radiolysis, many
experiments could be performed over a wide dose and dose rate
range with any of four -¢%Co sources. For alpha radiolysis, suf-
ficient 2““Cm was available along with facilities for easily per-
forming several such experiments.

Samples of concrete or vermiculite containing sorbed organic
material were irradiated. These samples were sealed in steel con-
tainers that had attached pressure gauges and sampling valves.
During radiolysis, the pressure was monitored; after radiolysis,
the gas was sampled and its composition was determined by gas

chromatography.

GAMMA- AND ALPHA RADIOLYSIS OF CONCRETE WASTE

A mixture of portland cement and gypsum-perlite plaster is
currently used for solidification of tritiated aqueous waste.
The waste water is mixed with the dry cement-plaster powder in
the ratio of nominally 1:1.7 by volume or 1:1.4 by weight with
0.8 g/mL as the bulk density of the dry material. For the gamma
radiolysis tests, the concrete was cast in a glass container with
an attached pressure gauge and sampling valve. The pressure
gauge and sampling valve were separated from the irradiation con-
tainer by several feet of 1/8-inch-ID steel tubing. The alpha
radiolysis tests were performed in glove boxes. The 2““Cm was
dissolved in the water used to make the concrete, thus ensuring
that 2*“Cm was in direct contact with the compounds of the con-
crete. Each concrete sample was cast in a steel tube that was
then sealed to a pressure gauge and sampling valve.

Gamma Radiolysis Tests

The gamma radiolysis tests determined the effects of dose
rate and total dose on the rate of Hz production. Results of
these tests indicated that the initial rate of H; production was
proportional to dose rate. However, in terms of molecules pro-
duced per 100 eV of energy absorbed (G value), the rate was inde-
pendent of dose rate and was 0.03 molecule/100 eV from 8.9 X 10"
to 2.6 % 107 rads/hr. As the radiation dose increased and conse-
quently the H, pressure increased, the H; pressurization rate de-
creased until eventually a steady state pressure was attained.
This indicates the occurrence of a radiolytic back reaction re-
moving Ho. The magnitude of this steady state pressure decreased
with the dose rate. This behavior has also been observed in gamma
radiolysis of another type of concrete containing simulated fission
product wastes.® In these gamma radiolysis tests, O, in the air
sealed in the container was partially consumed and N2 was unaffected.

-6 -




Results and Discussion

Radiolytic pressure increases for two samples of concrete
irradiated in containers of nearly equal free volumes are shown

in Figure 1,

The attainment of steady state pressures that are

dependent on dose rate is clearly indicated. Gas composition at
the end of the tests was 70% H2, 27% N2, and 3% 0. Comparison
of the individual partial pressures before and after radiolysis

confirmed that H, was the only gas produced, Also, N2 was
unaffected by the radiolysis, and 0, was "V75% consumed. O

consumption has also been observed in radiolysis of the concrete
containing simulated fission product waste.® Data in Figure 1
also indicate that the initial Hz production rate is higher at

the higher radiation intensity. However, when based on the
amount of energy absorbed, the production rates were equal.
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FIGURE 1. Pressurization from Gamma Radiolysis of Concrete at
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G(Hz) was calculated from 1)

_ §<V-N+100
G(H2) = gorieTc
where
S = initial slope, psi/hr
P~

V = gas volume, liter
N = Avogadro's number, molecules/mole
R = gas constant, psi (liter/mole)(°K)
T = temperature, °K
M = mass of cement irradiated, g
I = dose rate, rads/hr
C = conversion factor, 6.24 x 10'? eV(g) (rad)
For both samples, G(H;) was 0.03 *0.01 molecule/100 eV.

To determine the radiation intensity dependence of the
steady state pressure over a wider dose rate range, samples
were irradiated at two lower dose rates (3.9 x 10° and 8.9 x 10“
rads/hr). At these dose rates, irradiating the samples was
impractical. Thus, the sample containers were back-pressurized
with Hz until radiolytic H, pressurization ceased. Results for
all four dose rates are shown in Figure 2; the error bars indicate
the reproducibility of the tests. This attainment of a steady
state pressure and its dose rate dependence are consistent with
the free radical model for H2 production from gamma radiolysis
of water.® The oxide components of the cement and plaster are
not drastically altering the radiation chemistry of the water.
In the free radical model, Hz is formed by recombination of
H atoms produced by the radiation and destroyed by OH radicals,
the other.major species produced by radiolysis of water., Perti-
nent reactions are

H20 + H + OH (2)
H"'H*Hz (3)
OH + H, - H,0 + H 4
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FIGURE 2. Effect of Dose Rate on Steady State H, Pressure
from Gamma Radiolysis of Concrete

When the rates of Reactions 3 and 4 become equal, a steady state
H, pressure is attained. Higher dose rates increase the rates
of both.3 and 4 but increase 3 faster because 3 involves two
radicals.’ Thus, at higher dose rates, higher H, pressures are
necessary to compensate for the larger increase in the rate of 3.

Tests at 8.9 x 10“ and 3.9 x 10° rads/hr agreed with those
obtained at the higher dose rates. G(H;) was 0.03, 02 was par-
tially consumed, and N2 was unaffected. The steady state Hj
pressure was independent of the gas volume. This pressure was
also observed in gamma radiolysis of concrete containing simulated
fission product waste.® Identical pressurization rates were
obtained at the same dose rate whether the concrete sample was
cured 1 or 20 days. Results were also identical within water:
cement-plaster volume ratios of 1:1.7 to 1:4.3 (1:1.3 to 1:3.4
by weight) with 0.8 g/mL as the bulk density of the dry material.

A final gamma radiolysis test determined the extent of O
depletion from the air sealed with the concrete. In previous
tests, the entire gas was removed from the sealed system for
analysis because earlier results had shown that incomplete
mixing occurred during radiolysis due to the small tubing
connecting the irradiation container to the pressure gauge and
sampling valve. In absence of these latter components, 95% of
the 0, was consumed rather than A75% as found earlier. Another
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and sampling valves. The range of the alpha particles in the
concrete is 0.0l mm; thus, all the alpha energy was absorbed
by the sample. For four tests with 11.5 g of concrete and 0.84
to 32 mg of 2**Cm, G(H2) was independent of the amount of 2““Cm
and was 0.6 molecule/100 eV. This value is 20 times larger than
that obtained for gamma radiolysis. This increase is not unex-
pected because G(Hz2) from liquid water is "4 times larger for
alpha than for gamma radiation.® As with gamma radiolysis, O
was partially consumed and N, was unaffected. In contrast to
gamma radiolysis, a steady state pressure was not attained even
at 200 psi Hz. Failure to attain a steady state pressure was
also observed in another study concerning alpha radiolysis of
concrete containing simulated fission product waste.

Results and Discussion

Figure 3 shows the radiolytic Bressure increase for a sample
of concrete containing 0.84 mg of 2**Cm. At the end of this

test, the gas composition was 54% N, 40% H,, and 6% 0,. Com-
parison of partial pressure of N; and 02 before and after radioly-
sis indicated that N was unaffected and 0, was “60% consumed.
G(Hz) was calculated from

S*V+N+100 '
C(H2) = —gomey — 7)

where all the quantities except the dose rate I are identical
to those defined on page 8 for the gamma radiolysis tests. I
was calculated from the amount of 2**Cm present, its specific
activity (80.9 Ci/g),'° and the energy of its alpha particles
(5.8 MeV).!° For four separate tests with 0.84, 6.6, 13, and
32 mg of 2*“Cm, G(H;) was 0.63 %0.07 molecule/100 eV. The dose
rate for these amounts of 2““Cm was 7.5 x 10" to 2.8 x 10°
rads/hr, and indicated, in agreement with the gamma radiolysis
results, that G(H;) was independent of dose rate.

Radiolytic pressurization in another alpha radiolysis test
is shown in Figure 4. This test was made to demonstrate that
steady state pressure was not attained even at 200 psi. Failure
to attain a steady state pressure, as in gamma radiolysis, prob-
ably results from the different modes of energy transfer by the
two radiations. Alpha particles because of their high charge
(+2) and mass (4 amu) lose energy much faster than gamma rays.
This loss of energy creates regions where the concentrations of
H and OH radicals are much higher than with gamma radiolysis.
Radical recombination reactions such as those forming H, are
favored over such as those removing H,. Because the reaction
removing Hz is not as efficient, ‘a steady state pressure is not
attained. This phenomenon also occurs in the radiolysis of
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liquid water where alpha radiolysis causes continuous H; produc-
tion, and gamma radiolysis leads to very low steady state H:
pressures. This similarity between H, production from concrete
and water again suggests that the metal oxides of the concrete
do not significantly alter the radiation chemistry of the water
even though it is incorporated in the concrete. Another similar-
ity is the higher value of G(H:) for alpha radiolysis. This
higher value in water also results from the higher radical con-

centrations caused by alpha particles.
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Experimental Procedures

For the radiolysis tests, 6.5 g of the dry cement-plaster
material was mixed in a steel test tube 0.9-cm ID by 10-cm long
with 5 mL of 0.0IM H,SO, containing a known amount of 2““Cm.

The amount of 2**Cm was determined by prior absolute alpha count-
ing an aliquot of the solution. Also, prior to mixing, NO; ions
possibl{ Eresent with the **“Cm were destroyed by mild calcination
of the ?*“Cm. 2"“*Cm was redissolved with 0.0lM H,SO, because alpha
radiolysis of NO3 ions produces 0,,!! which might have led to
additional pressurization from the concrete. After the concrete
had cured for at least 16 hours, the tube was sealed to a pressure
gauge and sampling valve. After the experiment, essentially all
the gas was expanded into an evacuated sampler that was then re-
moved from the glove box. The gas was analyzed by gas chromatog-
raphy. The gas volume in the system containing the concrete was
determined as in the gamma radiolysis tests.

GAMMA AND ALPHA RADIOLYSIS OF SOLIDIFIED ORGANIC WASTE FORM

The organic waste form irradiated was organic materials
sorbed onto vermiculite. Vermiculite, a porous, highly absorp-
tive mineral (hydrated magnesium-aluminum-iron silicate) is
currently used for solidification of organic vacuum pump oils or
organic cleaning solvent contaminated with tritium.} For this
study, Duo Seal* vacuum pump oil and research-grade n-octane were
used. Usually, 2.5 mL of the organic material was sorbed onto
each gram of vermiculite. For gamma radiolysis, the mixture
was sealed in a steel irradiation container connected to a
pressure gauge and sampling valve as in the concrete radiolysis
tests. In the alpha radiolysis tests, 2““Cm, as an aqueous
sulfate solution, was sorbed onto the vermiculite. The water
was then evaporated by heating the vermiculite, and the organic:
material was added. This ensured that the 2““Cm was in direct
contact with the vermiculite and organic material. The mixture
was placed in a steel tube that was sealed to a pressure gauge

and sampling valve.

Gamma Radiolysis Tests

Gamma radiolysis tests indicated that Hz and small amounts
of CO; and CHy were produced, N; was unaffected, and O, was con-
sumed. In contrast to gamma radiolysis of concrete, steady state
H, pressure was not attained. Also, the results indicated that
only energy sorbed by the organic material produced H;. Energy
sorbed by the vermiculite was not transferred to the organic
material to produce Hy. Finally, a slight dose rate dependence

* Trademark of Welch Scientific Company.
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for G(H2) was observed. At low dose rates, the dependencé
vanished, and G(H,) based on enérgy sorbed only by the organic
material was 4.6 molecules/100 eV for the octane and 2.0 for the

vacuum pump o0il.

Results and Discussion

Radiolytic pressurization at a dose rate of 1.4 x 107 rads/hr
is shown in Figure 5. Clearly, a steady state pressure was not
attained with either n-octane or vacuum pump oil. Gas analysis
indicated that the evolved gas was nominally 96% H,, 3% CO., and
1% CH, in each case. Approximately 50% of the 0. was consumed
in each test, and N, was unaffected. The G values for gas pro-
duction were calculated from Equation 1 where M is now the mass
of .vermiculite and organic material irradiated. Results were
2.1 molecules/100 eV for n-octane and 1,2 for vacuum pump oil.

G values for the individual gas components were obtained by
multiplying the above G value times the fraction of that gas

present.

200 T ] I | T .5
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FIGURE 5. Pressurization from Gamma Radiolysis of
Organic Material at 31°C
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Tests at 1.4 x 107 rads/hr determined how the amount of
organic material sorbed onto the vermiculite affected G(H:).
The results (Figure 6) indicated that G(H2) was directly pro-
portional to the amount of organic material present and predicted
that radiolysis of dry vermiculite should produce no Hz. This
prediction was confirmed by irradiating vermiculite containing
no organic. The linearity of the data in Figure 6 indicates
that energy sorbed by the vermiculite does not cause the organic
material to decompose to form Hz. Similar results were obtained
for the small yields of CO, and CH,.

r
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FIGURE 6. Dependence of G(H2) on Mass Fraction of
Sorbed Organic Material
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To determine the dose rate dependence of G(H.), samples
were irradiated at lower dose rates (1.5 x 10° and 4.8 x 10°
rads/hr). A typical result is shown in Figure 7. The initial
pressure decrease was due to 02 being consumed faster than H,
was produced, The final gas composition was 23% Hz, 73% Na,
and 4% 0,. Comparison of the partial pressures before and after
radiolysis indicated that N, was unaffected and 02 was "80%
consumed. G(H;) calculated from the final gas composition and
total dose to the organic material (not the vermiculite) was
1.9 molecules/100 eV. Because H, was the only gas evolved in
significant quantity, G(Hz) could also be calculated from the
final positive slope in Figure 7 and the dose rate. The result
(1.8 molecules/100 eV) agrees with that calculated from the
composition. The dose rate dependence for G(H;) (again based
only on the energy sorbed by the organic material) for the oil
and* for n-octane is shown in Figure 8. The values at 1.4 x 107
rads/hr were obtained by extrapolating the data in Figure 6 to
an organic mass fraction of 1.0. At low dose rates, the dose
rate dependence of G(H:) vanished for both materials. The value
of 4.6 molecules/100 eV for the sorbed n-octane agrees with the
value obtained when pure liquid n-octane was irradiated.}? This
agreement indicates that sorption onto vermiculite does not sig-
nificantly affect the radiation chemistry of the n-octane. Also,-
this agreement indicates, as do the data in Figure 6, that energy
forming H, is not being transformed from vermiculite to the or-

ganic material.

The 100-eV consumption of 0, [G(-0.)] was calculated from
the data in Figure 7. The molecules of 0 consumed were calculated
from the final gas composition. The dose necessary for this con-
sumption was calculated from the dose rate and the time indicated
in Figure 7 where pressure started to increase again. For the
data in Figure 7, G(-02) was 5.6 molecules/100 eV. In a test with
n-octane, G(-0z) was 5.0 molecules/100 eV. Oxygen is consumed by
reaction with radiolytically produced organic radicals on the
vermiculite to form peroxides that eventually lead to aldehydes,
ketones, or carboxylic acids. Oxygen was not completely consumed
because it was apparently unable to diffuse from the pressure
gauge, sampling valve, and associated tubing into the radiation
field where it could react. In tests with the gauge and valve
removed where nearly all the gas volume was in the radiation
field, “95% of the 0z was consumed.

Another gamma radiolysis test was performed to determine
whether a steady state H. pressure might result after complete
02 consumption. At 1.4 x 107 rads/hr, an octane vermiculite
sample was irradiated in an argon atmosphere. After 64 hours,
the H; pressure was 200 psig and still increasing linearly
indicating no approach to a steady state pressure. This pressure
increase results from lack of a back reaction removing Ha.
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Generally, the organic radicals (R+) are not energetic enough
to react with Hy (Reaction 8); thus, a steady state is not
attained,?!?

R + H * RH + H (8)

This test is in contrast to water radiolfsis where a steady state
is attained because of the reaction between OH and Hj.

Experimental Procedures

For the tests at 1.4 x 107 rads/hr with the submerged ®°Co
source, samples were irradiated in steel test tubes 20-cm long
by 2.8-cm ID. Approximately 40 g of the mixture (2 g organic/g
vermiculite) was placed in the tube, and the tube was sealed to
a pressure gauge and sampling valve by 25 ft of 0.1-cm-ID tubing.
To decrease the volatilization of n-octane because of gamma heat-
ing during radiolysis, the tube was enclosed by coils for water
cooling. For the tests with the ®°Co Gammacell 220, "300-g samples
were irradiated in S500-cc bottles as with the concrete radiolysis
tests. Dosimetry was performed with thin-film dosimeters® or )
with the Fricke dosimeter,® All other procedures were identical
to those described for the concrete radiolysis tests.

Alpha Radiolysis Tests

Alpha radiolysis tests indicated that, as with gamma radio-
lysis, H, was the most significant product. Traces of CH, were
also produced, and Oy was consumed. For n-octane, G(H2) was 4.2
molecules/100 eV, nearly equal to the value found for gamma radi-
olysis (4.6). For the pump oil, G(H2) was 2.7, slightly higher
than that obtained for gamma radiolysis (2.0).

Results and Discussion

Radiolytic pressure increases for two tests with n-octane
containing 7.2 and 4.3 mg of 2““Cm are shown in Figure 9. At
the end of the tests, gas composition for each was nominally 60%
Ha, 25% N2, 3% CHus, and 2% O,. Comparison of the partial pres-
sures before and after radiolysis indicates that N2 was unaffected
and 0, was 90% consumed. G(Hz) values were calculated from the
slopes in Figure 9, the dose rate (calculated from the amount of
*"“Ca present), and the volume of gas produced. Based on energy
sorbed by the organic material, G(Hz2) was 4.2 molecules/100 eV
for the higher dose rate, and 4.3 for the lower, indicating no
dose rate effect. Alpha radiolysis of the vacuum pump oil was
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FIGURE 9. Pressurization from Alpha Radiolysis of
Octane Sorbed onto Vermiculite at 23°C

studied at only one dose rate (Figure 10). Gas composition at
the end of the test was 73% Hz, 25% N2, 1% CH,, and 0.7% 0,. O
was 94% consumed, and N, was not affected by radiolysis. G(H2)

was 2.7 molecules/eV.

Experimental Procedures

The irradiation containers were identical to those used in
alpha radiolysis tests of the concrete samples (page 10). In
these tests, 2.9 g of organic material was sorbed onto 2.3 g of
A known amount of 2““*Cm in an aqueous solution was
sorbed onto the vermiculite. The water was then removed by heat-
ing the mixture to a constant weight. The organic material was
then added, and the mixture was sealed in the steel tube with a
pressure gauge and sampling valve. After the test, the gas was
sampled and analyzed as in the concrete alpha radiolysis tests.

vermiculite.
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ESTIMATION OF G(H;) FOR TRITIUM BETA RADIOLYSIS

G(H;) for ’H beta radiolysis can be estimated from the G(H,)
values for alpha and gamma radiolysis. Radiolytic products formed
by the three types of radiation are expected to be identical
because all three transfer energy to electrons of the material
irradiated. These energetic electrons then cause chemical degra-
dation to the material. Because of the different LET values of
the radiations, products may be formed with different 100-eV
yields. For example, with the concrete, G(H2) was 0.03 molecule/
100 eV for gamma radiolysis and 0.6 for alpha radiolysis. Sim-
ilarly, for liquid water, G(Hz) is 0.5 for gamma radiolysis and
1.6 for alpha radiolysis.® This difference results from different
spatial distribution of 1ntermed1ates formed by the radiations.

In water, LET values for ®°Co gamma, *H beta, and %*“Cm ;alpha
radiations are 0.02, 0.36, and 8.8 eV/A®, respect1ve1y Although
these parameters have not been determ1ned in concrete or vermicu-
lite, their relative values, 1.0, 18, and 440 are probably réason-
ably invariant from system to system Therefore, G(Hz) for H beta
radiolysis was estimated for each waste form from plots of G(H;)

versus relative LET values.

G(H,) for Concrete Waste

In Figure 11, the two values for G(Hz) for concrete radiolysis
are plotted along with data for G(H,) from liquid water for com-
parison. The dashed line is a 11near interpolation of the concrete
data and suggests that G(Hz) for 3H-beta radiolysis is 0.3 molecule/
100 eV. By following the curvature of the data for liquid water,
0.1 is estimated. This estimate may be closer to the true value
because Hz is probably formed in the two systems by the same mech-
anism (recombination of H atoms) However, until radiolysis ex-
periments are performed with *H beta rays, the estimate for G(H:)
has to be 0.1 to 0.3 molecule/100 eV.

G(H,) for Solidified Organic Waste

The effect of LET on G(Hz) is much less in radiolysis of
the organ1c materxals sorbed onto vermiculite (Figure 12). The
values for ®°Co gamma radiolysis were calculated at the low dose
rates, Because of this smaller effect of LET, values for °H beta
radiolysis can be estimated more accurately. For the n-octane,
4.4 molecules/100 eV is estimated; for the vacuum pump oil, 2.2
is estimated. These values were used to estimate radiolytic
pressurization of containers of tritiated waste.
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RADIOLYTIC PRESSURIZATION IN TRITIATED WASTE CONTAINERS

For long-term storage of tritium waste, the solidified mate-
rial is sealed in an appropriate primary container such as a
metal or polyethylene drum.! This drum is then sealed in a metal
drum that is, in some cases, sealed in another metal drum. From
results of this study, pressurization rates and pressures in the
primary drums can be estimated as a function of storage time if
the tritium content and gas volume in the drums are known.

Pressurization from Tritiated Concrete Waste

Because of H, production, containers of tritiated concrete
will pressurize. However, because of O2 depletion, the rate of
total pressurization will be less than that of H; pressurization
alone. 1Initially, the H2 pressurization rate is linear and is

given by

P, _RT G | dE ©
dT NV 100 dt
where
R = gas constant, psi liter/mole °K
T = temperature, °K
N = Avogadro's number, molecules/mole
V = gas volume in the container
G(Hz) = 0.1 to 0.3 molecule/100 eV
g%-= dose rate from 3H beta decay, eV/day

The dose rate is given by

dE _ 3.7 x 10'° dis _ 8.6 x 10" sec _ .. . =
dt sec Ci day Ci, - E (10)
where

Ci, = curies of °H present

E = average energy per beta particle, 5.69 kev!*
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Because of the radioactive decay of *H, Ciy = Cit°e'kt where
Ciy° is the initial amount of °H present and X is its decay
constant (1.5 x 10”"% day-!.!® Equation 9 then becomes

dp,

“"Hy _ RT _ G(Hz) . 1.8 x 10'% ev .. o -2t
dt ~ W~ 7100 Ci-day Cig'e (11)

Integrating Equation 11 gives PH2 as a function of time

Ci o
_RT _G(H,) , 1.8 x10'% ev “7t° = -t
Pu, = W ° 7100 CI, day ot d-ey (2

As the Hz pressure increases in the container, the rate of H;
pressurization decreases. This pressure decrease has been estab-
lished for °H beta radiolysis by data obtained at another lab-
oratory* where a sample of solidified aqueous waste (tritiated
water sorbed onto vermiculite) was sealed in a steel container.
The pressure in the container initially increased, but eventu-
ally attained a steady state (Figure 13). At steady state, the
H2 pressure based on gas composition was 11 psi. The remainder
of the gas was N; and O; along with traces of He and D,. The
dose rate in the waste (9 x 10" rads/hr) was estimated from the
tritium content of the waste (1.7 x 10° Ci) and its mass (14 kg
water on “8 kg vermiculite).!® When a similar mixture of water
and vermiculite was gamma-irradiated at this dose rate at SRP,
the steady state H, pressure was 9 %2 psi, in reasonable agree-
ment with that obtained by ’H beta radiolysis. This agreement
indicates that °H beta radiolysis effects can be simulated by
69%Co gamma radiolysis and that the steady state H; pressure in
waste containers can be estimated from Figure 2, if the dose rate
to the waste is known. At 9 x 10“ rads/hr, a steady state pres-
sure of 14 psi predicted for the concrete is reasonably close to
the 11 psi calculated for the water-vermiculite mixture. This
agreement suggests that aqueous concrete and vermiculite waste
have nearly equal steady state pressures and is to be expected
if the oxide solidification matrices.do not affect the radiation
chemistry of H;0 significantly.

The amount of pressurization in a conceptual waste container
will now be estimated. The assumed container is a 27-gallon drum
containing 10° Ci of tritium solidified in 20 gallons of concrete.
The void volume is 7.1 gallons (27 liters) if the concrete is
assumed to have a 10% porosity. The initial H; pressurization

* Letter from D. R. Storey, Monsanto Research Corporation,
Miamisburg, Ohio, to R. L. Wainwright, USAEC, Miamisburg,
Ohio, June 24, 1974, .
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rate at 23°C calculated from Equation 11 is 0.04 to 0.12 psi/day
depending on the choice for G(H;) (0.1 or 0.3 molecule/100 eV).

At these rates, the gaseous mixture will become flammable (0.4%
H; or 0.6 psi H2)}'7 in approximately 6 to 15 days assuming no 0,
depletion. Because of this depletion, however, longer times will
be necessary. In this container, the dose rate is 1.6 x 10"
rads/hr if a density of 1 kg/L is assumed for the concrete.

From Figure 2, a steady state H, pressure of <10 psi is predicted.

Pressurization from Tritiated Organic Waste

H; pressurization rates from n-octane or vacuum pump oil
sorbed on vermiculite are given by

Pu, _ Rr Gy g8, (13)
dt T~ W'100 dt

X is the mass fraction of organic material present, and G(H;)

is based on 100-eV energy sorbed by the organic material. The
term (dE/dt)X is the dose rate to the organic material. A better
estimate of this dose rate would be based on the electron fraction
of organic material because alpha, beta, and gamma radiations
primarily transfer energy to the electrons of a system.!® Using
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the mass fraction introduces an error of <10% that is considered
not significant in these pressure estimations. Relating dE/dt
to the initial curies of °H present and integrating Equation 11
give
Ci_°-I
RT G(H -
- . ( 2)x . b (1 - e At) (14)

Py, = NV 100 X

where
I =1.8 x10'? ev/Cisday

Both the gamma and alpha radiolysis data indicate that a
significant back reaction for H: does not occur with the organic
material, This indicates that Equation 14 may be valid as long
as organic material and °H are present. On this basis, the
pressure of Hy after decay of all the H has decayed is given by

Ci I
Py, (Final) = 53-Gfgg)x £ (15)

The pressure of 0; as a function of time is given by

G(-02)X Ci, I
- D@ RT .t _ -At
Po, =P0, "W To0 T x —1-e ) (16)

where P°2 is nominally 3 psi. The gamma and alpha radiolysis
data ing1cate that eventually O, will be essentially depleted
from the gas phase. CHy and COz will also be produced, but
their contribution to the total pressure will be negligible.

The pressurization from tritiated organic solvent sorbed
onto vermiculite in a conceptual waste container will now be
estimated. The container is a 27-gallon drum containing 10“

Ci of tritium in 7.4 gallons of octane or vacuum pump oil sorbed
onto 20 gallons of vermiculite. With 0.7 g/mL as the density of
the organic material and 0.15 as the bulk density of vermiculite
(estimated at SRL), the radiation dose rate is 5400 rads/hr.

The mass fraction organic material is 0.64 and the void volume
is 69 liters (with 2.3 g/mL as the crystal density of the vermi-
culite). G(Hz2) values for octane and pump oil are 4.4 and 2.2
molecules/100 eV, respectively (Figure 12). The initial pres-
surization rates are 0.044 and 0.02 psi/day, respectively, for
octane and pump oil. If no depletion in O, is assumed, the
mixtures become flammable in 14 and 7 days, respectively. With
0, depletion, these times become longer. Eventually, the 0,
will be essentially all consumed. The final pressures of H,

for the two materials are 310 psi for the octane and 1S5 psi

for the vacuum pump oil. With larger amounts of tritium, larger
final pressures would be generated.

- 26 -




REFERENCES

10.

T. B. Rhinehammer and E. A. Mershad. '"Techniques and
Facilities for Handling and Packaging Tritiated Liquid
Wastes for Burial." p 1067 in Proceedingé of the Second
AEC Environmental Protection Conference, Albuquerque, NM,
Apﬁil 16, 1974. USAEC Report WASH-1332(74) (Vol. 2)(1974).

J. A, Franz and L. L, Burger. Polymeric Media for Tritium
Fixation. USERDA Report BNWL-B-430, Battelle Pacific .
Northwest Laboratories, Richland, WA (1975).

I. G. Draganié and 2. D. Draganil. The Radiation Chemistry
of Water. Academic Press, New York, NY (1971).

A. J. Swallow. Radiation Chemistry of Organie Compounds.
Pergamon Press, New York, NY (1960). ‘

E. J. Henley and E. R. Johnson. The Chemistry and Physics
of ‘High Energy Reactions. p 254, University Press,
Washington, DC (1969).

N. E. Bibler. Radiolytie Gas Production from Concrete
Containing Savamah River Plant Waste. USERDA Report
DP-1464, Savannah River Laboratory, E. I. du Pont de
Nemours and Company, Aiken, SC (to be issued).

W. G. Bums and R. Barker. ''Dose Rate and Linear Energy
Transfer Effects in Radiation Chemistry.'" p 305 in Progress
in Reaction Kineties, Vol. 3, Pergamon Press, New York, NY

(1965).

N. E. Bibler. Calibration of Intense ®°Co Gamma Ray Sources
at the Savannah River Plant. USERDA Report DP-1414,
Savannah River Laboratory, E. I. du Pont de Nemours and
Company, Aiken SC (1976)

H. Fricke and E. J. Hart. p 185 in Radiation Dosimeiry,
Vol. 2 (2nd Edition). F. H. Attix and W. C. Roesch, editors.

p 185, Academic Press, NY (1966).

C. Kellar. The Chemistry of the Transuraniwm Elements.
p 530, Verlag Chemie GmbG, Weinheim, West Germany (1971).

- 27 -




-11. N. E. Bibler. '"Curium-244 a Radiolysis of Nitric Acid.
Oxygen Production from Direct Radiolysis of Nitrate lons.'
J. Phys. Chem. 78, 211 (1974).

12. H. A. Dewhurst. "Radiation Chemistry of Organic Compounds.
I. n-Alkane Liquids." J. Phys. Chem. 61, 1466 (1957).

13. J. W. T. Spinks and R. J. Woods. An Introduction to Radia-
tion Chemietry (2nd edition). p 360, John Wiley and Sons,
New York, NY (1976).

14. W. L. Pillinger, J. J. Hentges, and J. A. Blair. '"Tritium
Decay Energy." Phys. Rev. 121, 232 (1961).

15. K. C. Jordan, B. C. Blanke, and W. A. Dudley. 'Half-Life of
Tritium." J. Inorg. Nucl. Chem. 29, 2129 (1967).

16. J. W. T. Spinks and R. J. Woods. An Introduction to Radia-
tion Chemistry (2nd edition). p 115, John Wiley and Sons,
New York, NY (1976).

17. H. F. Coward and G. W. Jones. ‘'Limits of Flammability of
Gases and Vapors.' p 15 in Bulletin 503, Bureau of Mines.
U. S. Government Printing Office, Washington, DC (1952).

18. R. C. Weast (editor-in-chief). Handbook of Chemistry and
Physics (51st edition). p B-197, The Chemical Rubber Company,

Cleveland, OH (1971).

- 28 -




CC: R. E. Naylor, wilm.
! H. F. Ring
woms S. W. O'Rear

E. I. ou PoONT DE NEMOURS & COMPANY

INCORPORATED
ATOMIC ENERGY DIVISION

SAVANNAHR RIVER LABORATORY
AIKEN, SOUTH CAROLINA 29801
(TWXR; 810-771-2670, TEL: 003-024-633%, WU: AUGUSTA, GA.)
June 27, 1977

IMr, A. F. Westerdahl, Chief
Patent Branch
Savannah River Operations Office
Energy Research and Development
Administration
Alken, South Carolina 29801

Dear Mr, Westerdahl:
REQUEST FOR PATENT REVIEW

Please review for patent matter:

DP-1459, '"Radiolytic Gas Production From Tritiated Waste Forms; Gamma and
Alpha Radiolysis Studies" by Ned E. Bibler and E. G. Orebaugh.

If any technical clarification is needed please call H. S. Hilborn,
whose Document Review is attached.

Please telephone your comments to the TIS office (ext. 3598) and
notify me by signing and returning to TIS the original of this letter.
A copy is provided for your file.

If you decide to pursue a patent on any development covered, I shall
be happy to supply additional information required such as appropriate:
references and the names of persons responsible for the development.

Very truly yours,

The above item is approved for R. E. Naylor, Director
rem Technical Division

A. F. Westerdahl a 77 By: @M\
Chief, Patent Branch H. S. Hilborn

ERDA-SR




DISTRIBUTION

Copy
1-3 T. B. Niland, ERDA-SR

4-55 TIS File, SRL

56-256 ERDA-TIC
(for distribution under TID-4500 Category UC-4)




LOW DOSE RATE y-RADIOLYSIS OF
CONCRETE WASTE FORMS

| I i L 1 |

100

(o] F.‘o,

a Mno
50— "L —

Gouge Pressure, Torr

-100

150 | 1 | | | |
¢ 10 20 30 40 50 60 70

€0Co Irradiation Time, hours

SLIDE 6. Low Dose Rate Radiolysis of Concrete and
Fe,05 or Mn0, as Simulated Waste




CANISTER PRESSURIZATION FROM RADIOACTIVE

CONCRETE WASTE FORMS

10 T T l
O Conister |
O Conister 2
o
a
8. S
2
H
a
Q
o
80
o
| | |
) 100 200 300 400
Time, days
SLIDE 7. Radiolytic Pressurization of Concrete and

SRP Radioactive Waste




a-RADIOLYSIS OF CONCRETE WASTE FORMS

0 T

O Fe-Mn Sludge, 4.5 mg 2*‘Cm
O Fe- Al Sludge, 4.5 mg 2¢4Cm
A Fe-Mn Sludge, 2.6 mg 244Cm

Pressure, psi
»
I

0 100
2440 Irradiation Time, hours

200

. SLIDE 8. Alpha Radiolysis of Concrete and SRP

Simulated Waste




y -RADIOLYSIS OF ORGANIC WASTE FORMS

AT LOW DOSE RATES

Gauge Pressure, Torr
o

{

|

-1i00

SLIDE 9.

10 20
$0Co Irradiation Time, hours

Low Dose Rate Gamma-Radiolysis of Pump 0il
Sorbed on Vermiculite




y-RADIOLYSIS OF ORGANIC WASTE FORMS
AT HIGH DOSE RATES

200 T T T T T
O Octone
o oil
2
8
® 100 _
F
[
[ Y]
T
a
o ] | \ | |
(o] 10 20 30 40 50 60

€9Co Irradiation Time, hours

SLIDE 10. High Dose Rate Gamma-Radiolysis of Octane or
Pump 0i1 Sorbed on Vermiculite




G(HZ) OF ORGANIC/ VERMICULITE MIXTURES

3.0 T /,

O Oclane //
a oil /

<2.0

o]

o

~

[T

[

>

[3)

L

©°

E

~

o

o L]

0 |
0 0.5 1.0

Mass Fraction of Organic Material

SLIDE 11. Effect of Organic/Vermiculite Ratio on G(Hz)




a-RADIOLYSIS OF
ORGANIC/VERMICULITE MIXTURES

25 1
0 7.2mg 2*‘Cm
O 4.3mg 2*‘Cm
20— —
o
a IS r—' —
¢
2
(714
(7]
2o -
5| -
o — !
0 50 100

Irradiation Time, hours

SLIDE 12. Alpha Radiolysis of Octane Sorbed on Vermiculite




EFFECT OF DOSE ON G(gas)

2.0
= T T | T
A
mg 244Cm
1.5 O 9.3 -
0 2.6
© A 2.3
2
>
?’ 1.0}~ —
Q
Q
?
0.5} -
0 1 | | il
0 0.5 1.0 1.5 2.0 2.5

Dose, 1022 eV

SLIDE 14, Effect of Dose on the 100-eV Yield for
Gas Production




DEGRADED CELLULOSE FROM a-RADIOLYSIS

SLIDE 15.

Physical Damage to Cellulose from Alpha-Radiation




RECORDS ADMINIS

™ oo

RADIOLYTIC GAS PRODUCTION DURING
LONG-TERM STORAGE OF NUCLEAR WASTES ~

by

Ned E. Bibler

Savannah River Laboratory
E. I. du Pont de Nemours and Company
Aiken, South Carolina

A paper accepted for presentation at the 28th
Southeastern Regional Meeting of the American
Chemical Society to be held in Gatlinburg,
Tennessee, on October 27-29, 1976,

INFORMATION opry

This paper was prepared in connection with work under Contract
No. AT(07-2)-1 with the U.S. Energy Research and Development
Administration. By acceptance of this paper, the publisher
and/or recipient acknowledges the U.S. Government's right to
retain a nonexclusive, royalty-free license in and to any copy-
right covering this paper, along with the right to reproduce
and to authorize others to reproduce all or part of the copy-
righted paper.

(&




DP-MS-76-51

RADIOLYTIC GAS PRODUCTION DURING
LONG-TERM STORAGE OF NUCLEAR WASTES*

Ned E. Bibler
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Aiken, SC 29801

ABSTRACT

Gases produced by in situ radiolysis of sealed solidified
nuclear wastes during long-term storage could conceivably breach
containment. Therefore, candidate waste forms (matrices contain-
ing simulated nuclear wastes) were irradiated with €%Co-y and
2%4cm o radiation. These forms were: cement containing simulated
fission product sludges, vermiculite containing organic liquids,
and cellulosics contaminated with a-emitting transuranic isotopes.
For cement waste forms exposed to Y-radiolysis, an equilibrium
hydrogen pressure was reached that was dose rate dependent. For
a-radiolysis, equilibrium was not reached. With ofganic wastes
(n;octahe on vermiculite), H2 and traces of CO: and CHy were
produced, and Oz was consumed with both radiations. Only energy
absorbed by the organic material was effective in producing H2.

At low dose rates with both a- and y-irradiations, G(Hz) was 4.5
and G(-02) was 5.0. Also, equilibrium was not obtained. For

cellulosic material, H,, CO2, and CO were produced in the ratio

* Work done under USERDA Contract No. AT(07-2)-1.




of 1.0:0.7:0.3, and O, was consumed. With a-radiolysis, G(gas)
was dose dependent; measured values ranged from 2.2 to 0.6 as

the dose increased. Implications of all these results on long-
term storage of radioactive waste will be discussed. Some data

from an actual nuclear waste form will also be presented.

INTRODUCTION

Much effort is being expended in many laboratories to develop
methods of solidifying and storing nuclear wastes to isolate them
from the environment. These wastes are primarily fission products
or alpha-emitting transuranic isotopes dissolved in aqueous or
organic solutions or sorbed on laboratory wastes such as tissues
or other cellulosic materials. In nearly all the proposed storage
methods, the solidified waste is sealed in a primary, secondary,
and sometimes a tertiary steel container. One property of the
solidified form that has to be evaluated is the production of
gases from in situ radiolysis of the form. If sufficient gases
are produced, they may pressurize the containers, and containment
could be breached.

At the Savannah River Laboratory, we have measured radiolytic
gas production from three types of solidified wastes: fission
product sludges incorporated in concrete, contaminated organic
wastes sorbed on vermiculite, and cellulosic material contaminated

with alpha-emitting isotopes.




CONCRETE WASTE
One method being evaluated for solidifying high level radio-
active waste sludges from the Savannah River Plant (SRP) is to mix

! Nominal composition of the

them with cement to form concrete.
preferred cement and the washed dried sludge is shown in SLIDE 1.

In the final waste form, the sludge-to-cement ratio will be 0.67.

As indicated in SLIDE 1, most of the initial radiation in the

sludge will be beta-gamma from decay of %%Sr and its daughter

and '?7Cs. Alpha radiation will be present from decay of 2?%pu

and 23°pu.

SLIDE 2 shows the time-dependence of the calculated radiation
dose rates to the form based cn the data on SLIDE 1. Integrated
doses are shown in SLIDE 3. In these calculations, it was assumed
that all alpha, beta,and gamma radiation was absorbed by the form.
As indicated in SLIDE 3, the final doses are quite large. SLIDE 4
shows pressurization produced by 6%Co gamma-irradiation of a sealed
canister of concrete containing Fe;03; to simulate sludge. The ®°Co
gamma radiation simulates beta-gamma radiation from %%y and '%7cs.
The only gas produced in significant amounts was hydrogen, which
reached an equilibrium pressure that depended on the dose rate.
SLIDE S shows the effect of dose rate on this equilibrium pressure
for the Fe0j;-concrete form as well as neat cement and concrete
containing MnO2, another material found in SRP sludges. This dose
rate effect is consistent with a model in which molecular hydrogen is

formed by recombination of hydrogen atoms and removed by reaction




with hydroxyl radicals. These reactions occur in the radiolysis
of liquid water.? Extrapolation of the data to the calculated
dose rate for actual waste indicates that for irradiation times
of a few hundred years, during which radiolysis is primarily due
to decay of °°Sr and 137¢s, hydrogen will reach an equilibrium
pressure between 8 and 28 psi. Other experiments showed that
this equilibrium pressure is independent of the gas volume.

While hydrogen was being produced at low dose rates, dxygen
that was present in the canister was consumed. The effect of
this oxygen consumption on the radiolytic pressurization is shown
in SLIDE 6. Analyses of gases from two irradiations show oxygen
consumption of 75 and 95%, respectively. Nitrogen was unaffected.
This implies that in the containers of waste concrete, oxygen
will be completely consumed. Oxygen consumption is attributed
Y, tq reaction of oxygen with radiolytic hydrogen atoms to form hydro-

peroxy (HOz) radicals that recombine to form hydrogen peroxide

(H202). Evidence for this compound was obtained by treating the
irradiated concrete with aqueous iodide (I") solution or
ferricyanide [Fe(CN)s’] solution.

Pressurization data for two samples of concrete and actual
SRP waste are shown in SLIDE 7. The results are consistent with
those from gamma-radiolysis of concrete and simulated waste. The
equilibrium pressure range predicted from gamma-radiolysis of
simulated waste and the radioactivity present in this material
was between 4 and 22 psi. The observed equilibrium pressure of

6 to 7 psi is within this range.
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The effect of 2““Cm alpha-radiolysis on concrete and simulated.

waste is shown in SLIDE 8. With alpha-radiolysis, oxygen is a

product, composing 25% of the evolved gas. Again, nitrogen was
not affected. Experiments at larger doses indicated théf, uhi{i;
gamma radiolysis, hydrogen production by alpha radiolysis is not
affected by hydrogen pressures up to 200 psi. In the waste con-
tainers, alpha-radiolysis will predominate after the decay of
137cs and 99Sr, about 200 years. Even though the alpha dose rate
from the 2%°Pu is low in the waste form (V7 rads/hr), hydrogen
may accumulate to a final pressure as high as 1600 psi after n10°
years. The oxygen pressure may reach 300 psi.

All of the above results are consistent with established
free radical mechanisms for radiolytic destruction of water. In
application, the results suggest that radiolytic pressurization

in containers of concrete and SRP waste will be low for the first

several hundred years storage.

ORGANIC SOLVENT WASTES SORBED ON VERMICULITE

A method being evaluated for treating contaminated organic
solvents is to sorb them on vermiculite and then seal this material
in steel drums for storage.® For this type of waste, radiolytic
pressurization data were obtained by gamma- and alpha-irradiation
of octane or a commercial vacuum pump oil on vermiculite. Results
of high and low dose rate gamma-radiolysis experiments are shown
in SLIDES 9 and 10. As with concrete, oxygen was consumed,

nitrogen was unaffected, and hydrogen was produced. Also, traces




of methane and carbon dioxide were produced. The ratio of H2/C0,/
CH, was nominally 1.0/0.03/0.01. In contrast to concrete radiol-
ysis, hydrogen pressure did not attain an equilibrium up to at
least 200 psi, the highest pressure tested. This implies that
in sealed canisters of this type of waste, very high hydrogen
pressures could be attained. The extent of this hydrogen
pressurization is easily calculated from the total radiation
dose at any time, the amount of material irradiated, the free
volume in the container, and the yield of hydrogen in terms of
molecules produced per 100 eV of energy absorbed (G value).
Experiments varying the organic/vermiculite ratio indicated
(SLIDE 11) that hydrogen resulted only from the energy sorbed by
the organic material and not from that sorbed by the vermiculite.
This indicates that energy is not transferred between the organic
material and the vermiculite. For calculating hydrogen pressure,
values for G(Hz) are obtained from extrapolation of the data in
SLIDE 11 to 100% organic material. The total energy absorbed by
the waste form then has to be multiplied by the mass fraction of
organic'material present. There is a slight dependence of these
values on dose rate; and at the low dose rates of the nuclear
wastes, the values are 4.5 molecules/100 eV for octane, and 2.0
molecules/100 eV for oil., The value of G(H2) for octane is equal
to that for radiolysis of the pure liquid, further indicating that
vermiculite is not transferring energy with the octane. Pressur-

ization from alpha-radiolysis is shown in SLIDE 12. Again,




hydrogen and traces of carbon dioxide and methane were produced,
and oxygen was consumed.

Values for G(H;) based on energy sorbed by the organic were
4.3 for octane and 2.7 for the oil. These are close to the values
for gamma-radiolysis and indicate only a slight effect of the LET
of the radiation. This small effect of LET has been observed in
radiolysis of many organic cqmpounds.“

These results with organic wastes indicate that at least

200 psi of hydrogen will be produced during long term storage.

CELLULOSIC MATERIALS

One rather abundant form of nuclear waste is absorbent
cellulosic material (laboratory tissues, 'atomic wipes,' etc.)
contaminated with alpha-emitting isotopes. This material is
retrievably stored at SRP in sealed 55-gallon drums. Results
of radiolytic gas production from 24%cm alpha-radiolysis of
cellulosic tissues are presented in SLIDE 13. This slide shows
the increase in gas volume at atmospheric pressure and ambient
temperature. Oxygen was consumed, nitrogen was unaffected, and
hydrogen, carbon dioxide, and carbon monoxide were produced at
relative rates of 1.0/0.7/0.3, respectively.

The 100-eV yields for gas production were calculated from
the slopes of the lines, the ideal gas law, and the dose rate to
the tissues calculated from the amount of **“Cm present. SLIDE 14
shows that these yields decrease with increasing total dose to

the cellulose. This probably results from formation of products
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that produce less gas as radiation progresses, Data in SLIDE 14
also indicate that the 100-eV yields are independent of dose
rate (i.e., at any dose rate, the same number of gaseous mole-
cules are produced per 100 eV of energy absorbed). SLIDE 15
shows the physical damage to the cellulose.

As with the octane and o0il, hydrogen pressures can be
estimated by knowing the amount of activity present, the gas
volume, and the value for G(H;). Although experiments at high
pressures were not performed, the rate of hydrogen pressurization
is probably independent of the hydrogen pressure, as it was with
octane and pump oil. On this basis, large amounts of hydrogen

may accumulate during storage of this type of waste.

SUMMARY

The above experiments have indicated that hydrogen will be
produced during storage of radioactive wastes containing water or
organic material. With water, hydrogen will reach a low equilib-
rium pressure during the first 200 years storage, but after several
centuriés will increase to high pressures from alpha-radiolysis.
With organic material, hydrogen pressurization will increase
linearly to high pressures. Currently, the amount of hydrogen
produced in a waste container is being held to low pressures by
limiting the amount of radioactivity stored in that container.
Hydrogen generation can be eliminated completely by storing the
waste in absence of water or organic material. One method being

evaluated is to calcine the fission product sludges and incorporate
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them in glass. For organic waste, a method being evaluated is to

incinerate the material and incorporate the ash in glass.

-
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NOMINAL COMPOSITION
OF WASTE FORMS

High Alumina Cement (wt %)
A1,05, 41; Ca0, 37; Si0,, 9; Fe 0,3, 6; Mg0, 1; Other, 6.
Savannah River Plant High Level Radioactive Waste

Nonradioactive Ions (wt %)

Fe, 33; A1, 2; Mn, 2; U, 4; Na, 3; Ca, 3; Sr, 3.

Radioactive Isotopes (mCi/g)
%05y, 100; 137Cs, 100; '““Ce, 30; '°°Ru, 10; !S“Eu, 1.

SLIDE 1. Nominal Compoéition of High Alumina Cement and
SRP High Level Radioactive Waste
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ABSTRACT

The properties of concrete as a matrix for solidification
of Savannah River Plant (SRP) high-level radioactive wastes were
studied. In an experimental, laboratory-scale program, concrete
specimens were prepared and evaluated with both simulated and
actual SRP waste sludges. Properties of concrete were found
adequate for fixation of SRP wastes. Procedures were developed
for preparation of simulated sludges and concrete-sludge castings
Effects of cement type, simulated sludge type, sludge loading,
and water content on concrete formulations were tested in a
factorial experiment. Compressive strength, leachability of
strontium and plutonium, therqgl,;:ab111ty, and Tadiation stabil-
ity were measured for each formulation. Fromthese studies, _high
alumina cement and a portland-pozzolanic cement were selected for
additional tests. Incorporation of cesium-loaded zeolite into
cement-sludge mixtures had no adverse effects on mechanical or
chemical properties of waste forms. Effects of heating concrete-
sludge castings were investigated; thermal conductivity and
DTA-TGA-EGA data are reported. Formulations of actual SRP waste
- sludges in concrete were prepared and tested for compressive
strength; for leachability of 2°Sr, !37Cs, and alpha emitters;
and for long-term thermal stability. The radioactive sludges
were generally similar in behavior to simulated sludges in concre
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Typical weight losses on heating were 6 to 14% in the first
month, then an additional 1 to 2% loss in the next two months.
Largest weight losses were with Sludge I specimens, which also
required the largest amounts of water in the formulations.
Smallest weight losses were with Sludge II specimens, even though
about the same amount of water was required in Sludge II and III
formulations; the small weight loss suggests that negligible
mercury was lost by decomposition of HgO. Specimens made with
high-alumina cement also had significantly smaller weight losses’

than specimens made with portland cements..

Radiation Stability

A concrete-sludge casting from each formulat1on was gamma-
irradiated to 10'° rads, to simulate the total radiation dose
expected from self-irradiation by SRP waste over a 100-year

. storage period. During irradiation, the samples were heated to
temperatures up to 95°C by gamma ray absorption. Compressive
strength measurements after gamma irradiation gave results that
were not significantly different from those for samples exposed
only to heat (in thermal stability tests discussed-in the pre-
vious section). - Although the effects of radiation and heat were
intermingled, no evidence was found for any effect of radiation
on the strength of concrete-sludge specimens.

As a final check on strontium leachability under conditions
of high sludge content, heat, and gamma radiation, a small
factorial experiment was performed with only sludge type and
cement type as factors. Specimens with 40% siudge content and
ideal water content were gamma-irradiated and then measured for
strontium leachability. In every case, the strontium leachability
after six-weeks leaching was markedly lower for irradiated than
for unirradiated specimens by factors ranging from 2 to 20. The
largest reduction in leachability was. exhibited by specimens -
containing Sludge I, as shown in Figute 8. Again, no adverse
effects could be ascr1bed to .radiation.

Experimental Procedure. Castlngs were. gamma-xrradlated in
a ®%°Co facility at a dose rate of 3.5 x 107 rads/hr. Figure 9

shows concrete-sludge castings in an irradiation rack designed
tn hold 76 pieces. The sample-loaded rack was sealed in a
special vessel, shown in Figure 10, for placement inside the
irradiation facility. Three separate irradiations were made,
each about 300 hr for total dose of 10'° rads. Because the
irradiation facility was not continuously available, each irra-
diation required about three weeks., With forced-air cooling, the
jrradiation temperatures were 65 to 95°C. One casting from each
of 168 formulations was irradiated for compressive strength
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previously.

tests. An additional casting of 24 formulations (6 with no
siudge and 6 with each simulated sludge at 40% loading) was
irradiated for subsequent measurements of strontium leachability.
Experimental methods for both tests were the same as described
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FIGURE 8. ‘Effect of Gamma Irradiation on Strontium Leachability
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FIGURE 9. Irradiation Rack for Concrete-Sludge Castings
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Results. The compressive strength data were treated statis-
tically with an analysis of variance for each sludge type
separately. Each statistical analysis was for a 6 x 3 x 3 fac-
torial experiment with duplicate samples, the factors being cement
type, sludge content, and water content. The principal features
of compressive strength behavior of concrete-sludge specimens
again were found with the gamma-irradiated specimens: sludge
content was of predominant significance, cement type was less
significant, and water content was not statistically significant.
The data were averaged over water contents and duplicate specimens
to give compressive strengths that are the average of six data

points.

The compressive strengths of irradiated and unirradiated -
specimens are compared in Table 14, which gives the percent
difference in strength after irradiation. Changes less than
about 20% were not statistically significant. The data are very
similar to those for thermal stability (Tables 11 and 12), even
though the experimental conditions were quite different. Most of
the compressive strengths for gamma-irradiated specimens were not
statistically different from those of specimens heated for thermal
stability tests. Exceptions are for specimens containing 40%
Sludge II and specimens -containing Type I-P cement, all of which
are significantly stronger than the heated samples. Because the
irradiated specimens also were heated, the effects of radiation
and heat are intermingled. Many of the reductions in strength
can be attributed to heat alone, but none to radiation alone.

Strontium leachabilities of other irradiated specimens were
measured. ‘

Specimens of castings irradiated for strontium leachability
tests formed a 6 x 3 factorial experiment with duplicate samples.
The factors were the six cement types and the three sludge types,
each combination having 40% sludge content and ideal water content.
In addition, specimens with each cement type and no sludge were
irradiated and leached. As before, the strontium leach tests
were performed at seven time periods, from 2 to 1008 hours. An
analysis of variance was made for each time period separately.

The effect of sludge type was highly significant at all time
periods. The effect of cement type was not statistically signifi-
cant, except for the first and last time periods. The data were
averaged over cement types and duplicate specimens to give
strontium leachabilities that are the average of 12 data points.
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TABLE 14

Radiation Stability of Concrete Waste Forms Gamma
Irradiated to 10'° rads

% Change? in Compressive Strength,

Sludge Jor Cement Types

Type Content, % I ir IIr v I-P HAC Mean?

None O - 12 + 3 -10 -16 +10 + 3 -4

I 10 - 27 -20 -28 -29 -6 -20 -22

y 25 -17 -6 =34 -11 +1 + 2 -12

40 +134 -17 +9 -7 -17 -15 + 6

II 10 - 23 -38 -12 -23 + 9 -28 -20

25 - 14 -15 +4 -15 + 4 -23 -10

40 + 3 421 +7 4+ 3 +11 -13 +5

I1I 10 -34 -9 223 =23 -12 + 4 -17

25 -25 -9 -3 -6 +3 -7 -16

40 -19 -13 -25 +1 -7 +19 - 8

a. Underlined values are statistically significant differences
between irradiated and unirradiated specimens. .

b. Geometric mean.

Table 15 shows the time behavior of strontium leachability
for each sludge type. These data also are compared with similarly
averaged values for unirradiated specimens as percent differences
in leachability after irradiation. Changes less than about 30%
were not statistically significant. Strontium leachability of
the irradiated specimens also decreased monotonically with -time,
as shown in Figure 8. For every sludge type, the strontium
leachability was generally lower for the irradiated than for the
unirradiated specimens. The differences were particularly striking
after 1008-hr leaching; the leachability for Sludge I specimens was
lower by a factor of 20 (Figure 8), and was lower for Sludge III
specimens which approach 1 x 10”° g/(cm®)(d).. For irradiated
specimens the strontium leachability decreased in the order

Sludge II > Sludge I > Sludge III

For 40% sludge content, this ordering reverses the positions of
Sludges I and II from that for unirradiated specimens.

Neither the strontium leachability nor the compressive

| strength measurements showed large differences among the cement

-150 -



types for irradiated specimens. In the leach tests, no signifi-
cant differences were found, except at 2 hr and at 1008 hr. In
both cases, the strontium leachabilities of HAC specimens did

not decrease as much as those of portland cement specimens. At
these two times, the average value for HAC was about a factor of
two larger than those for the other cements. At 40% sludge con-
tent, the compressive strengths of HAC specimens were significantly
larger than those of the other cements, with average values of
3723, 5095, and 4003 psi for Sludges I, II, and III, respectively.
The corresponding values for Type I-P cement specimens were 1983,
3684, and 2868 psi.

TABLE 15

Strontium Leachability of Selected Concrete Waste Forms
Gamma Irradiated to 10!° rads

Sr Leachability,®P*C 1073 g/(em?)(d), and % Change,
for Sludge Types

Time, 40% 40% 40%
hr No Sludge Sludge I Sludge II Sludge IIT
7.7  (+48%) 7.1 (=33%) 6.5 (-12%) 2 (+ 4%)
6 4.2 (-10%) 3.6 (-56%) 4.4 (-15%) 1 (+ 2%)
24 2.3 (-14%) 1.2 (=77%) 1.8 (-42%) 0.43 (-34%)
72 1.3 (-11%) 0.55 (-82%) 1.4 (-25%) 0.17 (-59%)
216 0.47 (-43%) 0.20 (-89%) 0.65 (-27%) 0.047 (-69%)
504 0.32 (- 9%) 0.10 (-93%) 0.41 (-36%) 0.022 (-76%)
1008 0.092 (-53%) 0.048 ( 95%) 0.28 (-62%) 0.011 (-84%)

% change given in parentheses; underlined values are
statistically significant differences between irradiated
and unirradiated specimens.

Eaéh leachability value is the average of 12 data points.

c. Error factors € (95% confidence) range from 1.10 to 1.30.
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Selection of Optimum Cement Types

The principal conclusions with regard to cement selection
are:

e High-alumina cement was superior to all the portland
cements.

o Type I-P cement was slightly better than other portland
cements.

On the basis of the compressive strength and strontium leach-
ability tests, HAC was clearly superior. In the thermal and
radiation stability tests, HAC specimens underwent larger changes
than portland cements but still had as good or better properties.
The portland cements were quite similar to each other in all
properties measured, and all were poorer than HAC. Of the port-
land cements, Type I-P had the best all-around properties,
especially at 40% sludge content.

In further studies with concrete-sludge waste forms, only
HAC and Type I-P cement were used. The portland-pozzolanic cement
was carried into the next phase of the evaluation in case any
severely undesirable property were found later for HAC. With
simulated sludges, HAC and Type I-P cement formulations were used
to investigate the effects of adding cesium-loaded zeolite and
of heating concrete-sludge beyond 100°C. These studies are
described in the following sections. Finally, HAC and Type I-P
cement were used in formulations with actual SRP waste sludges,
described in the latter portion of this report (page 71).

Effects of Adding Cesium-Loaded Zeolite

Two series of concrete formulations were prepared containing
cesium-loaded zeolite that was tagged with 137cs tracer. One of
the series contained simulated sludges at 40% sludge content but
with 1/16 of the sludge replaced by cesium-loaded zeolite. This
mixture has been proposed as a means of ~~rally distributing the
heat from decay of SRP '%’Cs waste amon © —~ete forms.
The other series contained cesium-load¢
to 40%, but with no sludge. The formu’
measuring their compressive strengths
Specimens with only cesium-loaded zeo]
with the sludge-zeolite mixture. For
HAC and 40% cesium-loaded zeolite had
strength and ~10-° g/ (cm?®)(d) cesium
leaching; the corresponding values w
2.5% zeolite were 3,000 psi and 7]

¢
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EXECUTIVE SUMMARY

An analysis of hydrogen generation in transportation packages for transuranic (TRU) waste materials is
necessary to ensure that the packages do not accumulate an unsafe concentration of hydrogen (or other
flammable) gas. As a result of safety considerations related to flammability, the concentration of
hydrogen in the transportation package is limited to a level below the lower flammability limit.
(Appendix E gives the lower flammability limit for common gases and vapors.) Mechanisms for
hydrogen generation in transportation packages include (1) chemical reaction, (2) thermal degradation,
(3) biological activity, and (4) radiolysis. The focus of this report is on radiolytic hydrogen generation,
with general information provided on hydrogen generation via chemical reaction, thermal degradation,
and biological activity.

Chemical reactions are capable of producing large quantities of hydrogen, but the contents of TRU waste
transportation packages are typically controlled to limit any reaction among the contents or reactions
between the contents and the packaging that would produce significant quantities of hydrogen or other
gases. If chemical reactions that generate hydrogen (or other flammable gases) are expected to occur in
the TRU waste transportation package, these gas sources should be included in an analysis of the
flammable gas levels and pressures in the containment vessel(s) and related confinement barriers.
Examples of chemical reactions that generate hydrogen are listed in Appendix A.

Thermal degradation of packaging materials or content constituents can be a source of flammable gaseous
species if the temperature of the material is above its maximum continuous service temperature, Species
released due to thermal degradation of organic materials are typically carbon dioxide, carbon monoxide,
and small amounts of low molecular weight flammable species, but usually do not include significant
amounts of hydrogen gas. For TRU wastes at temperatures up to 250°F, no significant thermal
degradation is expected to occur in most materials, however, some out-gassing is expected from materials
that have a maximum continuous service temperature below 250°F. These materials include nylon,
polyethylene, polystyrene, polyvinylchloride, and epoxy. The species released from these materials at
temperatures up to 250°F include solvents, plasticizers, and other low molecular weight flammable
materials. Although the gases released from thermal degradation of materials below 250°F are not
expected to include significant hydrogen or other flammable species, the gases that are determined to be
released should be included in an analysis of the flammable gas levels and the pressures in the .
containment vessel(s) and the related confinement barriers. A general discussion concerning thermal
degradation is presented in Appendix B.

Biological generation of hydrogen (or other gas) requires biologically contaminated waste and the
nutrients and conditions conducive to biological growth within the transportation package. The nutrient
and environmental conditions in TRU waste transportation packages are typically not sufficient to sustain
biological growth. However, when chemical reactions are expected to occur, thermal degradation of
materials is expected to occur, or it is suspected that the TRU waste has biological contamination, tests
may need to be performed to estimate the expected hydrogen generation under normal and hypothetical
accident transportation conditions. A general discussion of biologlcally generated gases in TRU waste
transportation packages is in Appendix C.

Radiolytic generation of hydrogen occurs when ionizing radiation (e.g., &, B, or ¥) interacts with
hydrogenous materials. The metric for hydrogen generation from a particular material undergoing
radiolysis is the G-value, which has units of molecules of gaseous hydrogen product per 100 eV of
radioactive decay energy absorbed. Appendix D provides information concerning G-values for various
hydrogenous materials commonly present in TRU waste. This report defines waste types according to




gas pressure [atm]

pressure when container was sealed [atm]

gas pressure at position “1” [atm]

gas pressure at position “2” [atm]

average pressure [atmn]

downstream pressure {atm]

fraction of particles that reach plastic packaging material
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gas temperature [K]

temperature when container was sealed [K]
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gas law constant [82.05 atm-cm3/gmol-K]

molar hydrogen generation rate [gmol Ha/s)

container void volume [cm3]

hydrogen mole fraction inside the confinement barrier

hydrogen mole fraction outside the confinement barrier
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HYDROGEN GENERATION IN TRU WASTE
TRANSPORTATION PACKAGES

1. INTRODUCTION

1.1 Background

Packages for transporting certain quantities and types of radioactive material are designed and
constructed to meet the requirements of Title 10, Code of Federal Regulations, Part 71 (10 CFR Part 71).
An evaluation that demonstrates compliance with this regulation is submitted to the U.S. Nuclear
Regulatory Commission (NRC) in the application for package approval. _

One concem in the evaluation of packages to transport transuranic (TRU) waste is the production of
hydrogen and other flammable gases. Regulations in 10 CFR 71.43(d) specify that no significant
chemical, galvanic, or other reaction may occur among packaging components, among package contents,
or between the packaging and the package contents. The effects of radiation must also be considered.

For the purposes of this report, TRU waste is considered to be radioactive waste that (1) is subject to the
requirements of 10 CFR Part 71, (2) contains nuclides with an atomic number greater than 92, and (3) is
not considered high-level waste, as defined by 10 CFR 60.2. Other documents (U.S. EPA, 40 CFR

Part 191; DOE Order 5820.2A) have specified alternative definitions, including limits on half-life and
specific activity, which are not significant for transportation evaluations. The majority of radionuclides in
TRU waste decay by alpha (and gamma) emission, but some nuclides (and their progeny) are beta or
beta-gamma emitters.

TRU waste usually consists of transuranic nuclides mixed with plastics, metal, glass, paper, salts,
absorbents, oxides, filters, filter media, cloth, concrete and other waste materials. Typical waste includes
contaminated clothing, paper, tools, and similar items. Most TRU waste exists in solid form, but liquids
and sludges are also encountered. Some liquids are solidified, and some sludges dewatered, prior to

transport.
1.2 Purpose and Scope

The purpose of this report is to provide information on the production of hydrogen and other flammable
gases in transportation packages for TRU waste. Section 2 discusses the various mechanisms of gas
production and provides general guidelines for assessing their importance. Radiolysis is usually the most
significant mechanism for gas generation in TRU waste. Section 3 discusses radiolysis in detail and
provides information on generation rates in various organic and inorganic wastes. Based on these rates,
Section 4 discusses the calculation of gas concentration as a function of time and decay heat for various
TRU contents and packaging configurations in order to determine the time at which the flammability
limit is reached. Section S presents information concerning the control of hydrogen gas generation. An
extensive list of references is presented in Section 7.

Because hydrogen is the most significant flammable gas produced in TRU waste transportation packages,
this report focuses primarily on the generation of hydrogen. Situations in which other flammable gases
should be considered, however, are noted as appropriate.

This report provides information that may be used by NRC staff 10 evaluate the potential for hydrogen
generation in transportation packages, and describes an acceptable method to demonstrate that flammable
conceatrations of hydrogen will not occur within packages during transport. Control of hydrogen in

1




2. Mechanisms for Hydrogen Generation

2. MECHANISMS FOR HYDROGEN GENERATION

Mechanisms for hydrogen gas generation in transuranic waste transportation packages include (1)
chemical reactions, (2) thermal degradation, (3) biological activity, and (4) radiolysis. In general,
hydrogen generated by chemical reactions in transportation packages can be avoided. Thermal effects
generate significant amounts of flammable gases only if polymers or other organics within the package
undergo thermal degradation. Biological generation of gases occurs only if the contents are sufficiently
contaminated before loading and the contents have sufficient substrate to support biological growth. This
section briefly discusses the first three mechanisms and their potential contribution to the total hydrogen
generation rate in a transportation package. Radiolysis, which is generally the most important mechanism
for hydrogen (and flammable gas) generation, is introduced in this section and discussed in detail in
Section 3.

2.1 Chemical Reactions

For TRU wastes that are dewatered, solidified, or concreted, the hydrogen production due to chemical
reaction should be minimal as long as the content constituents and materials of packaging are chosen so
that there will be no significant chemical, galvanic, or other reaction among the packaging componeats,
among the package contents, or between the packaging componeats and the package contents (10 CFR
71.43(d)). For contents that include water, organic materials (e.g., sludges), or mixtures of potentially
reactive species, the rate of hydrogen generation from chemical reaction should be determined and the
related consequences analyzed in the safety evaluation of the transportation package. Appendix A
provides a summary of some common types of chemical reactions that can lead to hydrogen generation.

2.2 Thermal Degradation

Thermal degradation of organic materials in TRU waste transportation packages is usually not a
significant source of hydrogen or other flammable gas generation for waste temperatures below ~250°F.
The major constituents released when an organic material undergoes thermal degradation are carbon
dioxide and carbon monoxide, and small amounts of low molecular-weight flammable species.

- Therefore, gases generated due to thermal degradation can contribute to the total pressure but typically do
not contribute significantly to the inventory of flammable species in the containment vessel. For TRU
wastes that are above 250°F, tests may be needed to determine the amount of gas, both flammable and
nonflammable, which will be released during transportation.

Although TRU waste contents at lower temperatures are not expected to have significant thermal
degradation, some small amounts of off-gassing can occur for materials that have maximum continuous
service temperatures below 250°F (e.g., nylon, polyethylene, polystyrene, polyvinylchloride, and epoxy).
The constituents of this off-gassing can be released solveats, plasticizers, and other low molecular weight
flammable materials. Neither off-gassing nor thermal degradation of organic materials releases significant
quantities of hydrogen gas. Although TRU waste materials below about 250°F are not expected to release
significant quantities of flammable materials, it is important to estimate the rate of accumulation of these
materials in the containment vessel (along with the rate due to other mechanisms, including hydrogen
generation during storage before transportation) to verify that a flammable mixture will not be formed
during transportation,

Appendix B provides general information the thermal degradation of TRU wastes (including the
maximum continuous service temperature and results from thermal degradation experiments for various
plastics). ’
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high-energy gamma and low-atomic-number materials, the gamma is scattered with a reduced energy.
Compton interactions in water predominant from approximately 30 keV to 20 MeV.

Radiolytic G-Values

Regardless of the type of jonizing radiation causing the radiolysis, the measure of radiolytic gas
generation is the G value. G values have units of number of gas molecules produced per 100 eV of
radiation energy absorbed. Factors affecting radiolytic gas generation from the interaction of alpha, beta
or gamma radiation with matter include: (1) the linear energy transfer (LET), (2) the irradiation
environment (e.g., pressure, temperature, pH, and gases preseat), (3) the absorbed dose, (4) the dose rate,
(5) the material composition, (6) the range of the incident radiation, (7) the configuration of the
radioactive material relative to the material undergoing radiolysis, and (8) energy transfer considerations.
Radiolytic G-values for various materials are discussed in detail later in this report and in Appendix D.

2.4.1 Linear Energy Transfer Effect

Differences in G values for a material irradiated by different types of radiation are ascribed to the way in
which energy is lost in matter. Linear energy transfer (LET) is the energy loss per unit length of an
ionizing particle traveling through a material. An average LET is calculated by dividing the initial energy
of a particle by its range in the material.

Although differences in radiolysis products have been found for materials subject to differeat types of
radiation, these differences are relatively small, and for the purposes of this document, bounding
radiolytic G values are presented to enable bounding estimates of the flammable gas generation rates.
Typically, alpha-radiolysis of a material will yield the bounding G values for gas generation.

2.4.2 Temperature

Most chemical reaction rates depend on temperature. The rate constant, K, can be described using the
Arrhenius law: k=Aexp(-E,/RT), where E, is the activation energy, A is the pre-exponential factor, R is
the gas law constant, andTlsmeabsolutetempermmeacuvaﬁonenugyismemgymsaryw
initiate the reaction.

The activation energy for radiolytic gas generation in most materials appears to be less than or equal to
3 kcal/gmol, which results in a weak temperature dependence (NRC Docket No. 71-9218, Aug. 11,
1999). E, for polyvinylchloride (PVC) is ~3 kcal/gmol, and E, for polyethylene is about 0.8 kcal/gmol.
Alpha radiolysis data for cellulosics indicate that the E, for radiolysis is about 1-2 kcal/gmol (Kosiewicz
1981; Zerwech 1979). The temperature dependence of G(F;), which is the radiolytic G value for
hydrogen generation, in liquid n-hexane and neopentane corresponds to an activation energy of ~3
kcal/gmol (Bolt and Carroll 1963). The radiolysis of water has been found to be temperature-

. independent, and therefore has an apparent activation energy of 0 kcal/gmol.

The relationship between the rate constants k; and k; at two different temperatures Ty and T is given by:

o ¥2 |=(E | =T | 21
k, ] \R ] T,T, v

The G-value at a temperature T can be calculated from a known G-value at a temperature Ty:
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conservatism in the results, G values are often expressed as initial G values or as the G. values
extrapolated to near zero absorbed dose.

2.4.6 Dose Rate

In a number of experiments, the G values for specific materials were independent of dose rate for the
dose rate ranges studied (e.g., Bibler 1976; Chapiro 1962). Others (ODonnell and Sangster 1970),
however, others have found that G values may exhibit a non-linear dependence on dose rate. These
observed non-linearities may be due to radiation-initiated chain reactions. ‘

Some apparent dose rate effects may be caused by an increase in the material’s temperature. Since the
major portion of the absorbed radiation energy is converted to heat, at high dose rates the temperature of
the material could rise significantly. At high localized temperatures, reaction pathways different from
those occurring at low dose rates may dominate (Schnabel 1981).

Physical dose-rate effects have been observed for numerous materials subject to gamma radiation. Most
of these experiments were performed in oxygen-containing environments in an effort to simulate
accelerated aging. Physical dose rate effects depended on material type, aging conditions, sample
geometry, and the degradation parameter being monitored. In general, more degradation was produced
for a given total dose as the dose rate was lowered. Diffusion-limited oxidation processes were shown to
be the cause of such effects. When the oxidation processes in a material consume dissolved oxygen faster
than it can be replenished from the atmosphere surrounding the material (from diffusion), a heavily
oxidized layer of material is formed near the sample surface, and oxygen depletion may occur in the
sample interior. As the dose rate is reduced, however, oxidation of the sample interior increases due to
the longer times available for the diffusion processes.

The dose rate effects leading to sample oxidation depend on the range of the radiation. For alpha
radiation, the reaction will be dose-rate independeat if the oxygen can easily diffuse to a depth equal to
the range of the alpha particles. Likewise, the physical dose-rate effects can be minimized in gamma
radiolysis experiments by using thin film samples (Bonzon 1986).

Chemical dose-raté effects involving the interactions between radiation and thermal degradation have
been reported for polyethylene and PVC irradiated in the presence of oxygen (Gillen et al. 1982). These
experiments showed that the most severe mechanical degradation occurred when radiation was combined
with elevated temperature. The reported degradation was much greater than the sum of the damage
cansed by separate exposure to radiation and to the elevated temperature. This effect was attributed to an
oxidation mechanism, in which peroxides initially formed by the radiation were decomposed. The
magnitude of these effects could be reduced by removing any oxygen before the irradiated materials were
heated.

2.4.7 Specific Material Composition

Many of the radiolysis experiments reported in the literature were performed using pure polymeric
materials. However, commercial plastics differ from the pure polymers because they contain large
fractions of various additives, such as stabilizers and plasticizers. These additives can significantly
influence the amount and species of gases generated by thermal degradation and radiolysis.

Liquid plasticizers are added to polymers such as PVC or cellulose esters to increase flexibility. These
compounds typically have low volatility, but may be emitted from the polymer upon heating. Plasticizers
in PVC commonly comprise about 30-40% of the total material. Most of the plasticizers are combustible,
and lower the flame resistance and softening points of the polymer products (Deanin 1972). ’
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2.4.8.3 Particle Size of the Contaminant

The plutonium contaminants in TRU wastes are typically in particle form as plutonium dioxide or
hydroxides, but may sometimes be in the form of plutonium nitrate from solution in nitric acid. If the
plutonium is in particle form, some of the alpha particles will interact with the plutonium or oxygen
atoms within the particle in the process known as self absorption, rather than with the surrounding waste
material. The fraction of alpha particle energy escaping from PuO, particles as a function of particle
radius and initial energy has been calculated (NRC Docket No. 71-9218, Aug. 11, 1999; VanDevender
1984; Cowell 1984; Ziegler et al. 1985).

Self absorption is most likely the reason behind the observation that the measured G(H,) value for **Py
dissolved in nitric acid is about 2.5 times the G(H>) value for 2 um particles of the oxide (Bibler 1979).
Similarly, the gas generation rate obtained from particulate-contaminated waste may be less than the rate
.predicted using the maximum G values and the total activity of the waste.

Because of uncertainties in measuring particle sizé distributions of radioactive particles, the uncertainties
in ensuring that particle size distributions remain constant when subject to transportation-induced forces,
and the marginal benefit of alpha self absorption (only about 20% for 4.5 um radius particles ), self-
absorption arguments may be difficult to justify for transportation of TRU waste. As a conservative
approach, this document assumes that all alpha energy escapes plutonium particles that have radii less
than about 0.5 cm.

2.4.9 Energy Transfer

The energy absorbed at one location on a large molecule may damage a more susceptible site elsewhere
on the molecule. This concept of energy transfer from the location where energy is absorbed to the
chemical bond that is broken illustrates that the major products of radiolysis are influenced by the
molecular structure. Certain structures, such as aromatic rings, seem to absorb ionizing radiation and
dissipate it as heat in the form of molecular vibrations and other nondestructive relaxation mechanisms.
Systems‘containing these structures undergo less decomposition than would be expected (ODonnell and
Sangster 1970).

‘When a homogeneous mixture of two compounds is irradiated, the yields of the different radiolysis
products often are directly proportional to the yields from the pure components and their relative
proportions in the mixture. This behavior is observed when each component degrades independently of
another. However, for some mixtures, energy transfer can occur among the components in the mixture. In
a two-component mixture in which one component can transfer energy to the second component, the
second component may absorb more energy and be decomposed more rapidly than predicted by its
proportion in the mixture.
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Table 3.1 Summary of Bounding Radiolytic G Values for Hydrogen

and Flammable-Gas Gene_ration

Bounding G(H2) Bounding G(flam gas)
Material [H2 molecules/100 e V] {gas molecules/100 eV]
Water 1.6 1.6
Hydrocarbons:
Saturated Hydrocarbons 9.0 102
Unsaturated Hydrocarbons 30 30
Aromatic Hydrocarbons 0.6 0.6
Oxygenated Compounds:
Methanol Gas 10.8 11.1
~ Alcobols (liguid) 54 6.1
Ethers 3.6 38
Aldehydes & Ketones 15 35
Carboxylic Acids 0.8 44
Esters 10 30
Phosphate Esters 23 24
Halogenated Hydrocarbons: 08 0.8
Organic Nitrogen Compounds: 6.35 635
Commercial Lubricants: 28 29
Polymers:
Saturated Hydrocarbon 4.0 41
Polymers
Alcohol Polymers 35 35
Unsaturated Hydrocarbon 0.7 0.9
Polymers
Ester Polymers 09 14
Aromatic Polymers 03 0.3
Halogen-Containing 0.7 02
Polymers
Ton-Exchange Resins 1.7 1.7
Non-Polymer Solids:
Solidified Aqueous 043 043
Sludges (no experiments) (no experiments)
Concretes 0.6 . 0.6
Absorbed Liquids depends on liquid and solid depends on liquid and solid
Solid Organic Acids 23 26
Asphalt 13 13
Soil 0.15 (w/ 5% water) 0.15 (w/ 5% water)
0.37 (w/ 225.5% water & 0.37 (w/ 25.5% water &
<46.4% organic content) <46.4% organic content)
Dry, Solid, Inorganics 0 0
Gascs: 0 0

12
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liquids having sufficiently low G-values. Cemented organic process solids are included in this waste
type.

In this report, the surface-contaminated organic wastes and their organic packaging are assumed to absorb
100% of the available alpha decay energy. The only gas generated by inorganic materials (which are
permitted in this waste type) would be oxygen, which would tend to be consumed by oxidation of the
plastic packaging materials. Therefore, any inorganic materials present are considered to generate no gas.

Based on experimentally measured G-values, solid organic materials with the following structural groups
are acceptable in this waste type: aromatic rings, unsaturated C-C bonds, and C-N triple bonds. Materials
for which the G-value at room temperature for flammable gas could be greater than 4.1 are limited to
trace quantities (less than 1% by weight). These materials include cellulose nitrate, polyvinyl formate,
polyoxymethylene, and poly(olefin sulfones) (based on current data). Other polymers containing ether
functional groups may also have high G(flammable gas) values.

Examples of materials acceptable in Solid Organic Waste are listed in Table 3.4.

_ Table 3.3 Examples of Materials Acceptable in Solid Inorganic Wastes

Asbestos Grit v Nitrates
Ash Inorganic filter media e Portland cement
Clays Inorganic insulation Salts
Concrete (surface-contaminated only) Inorganic resins Sand
Firebrick Metals Slag
Florco Metallic oxides Soil
Glass . Molds & crucibles (e.g., ceramic, Soot
graphite)

Table 3.4 Examples of Material Acceptable in Solid Organic Waste

* Aniline-formaldehyde Phenol-formaldehyde Polystyrene
Any solid inorganic material Phenolic resin Polysulfone
Asphalt Polyamide Polytetrafluoroethylene
Bakelite Polybutadine Polyurethane
Cellulose Polycarbonate Polyvinyl acetate
Cellulose acetate butyrate " Polychloroprene Polyvinyl alcobol
Cellulose proprionate Polychlorotrifluoroethylene Polyvinyl chloride
Cellulose acetate Polyester Polyvinylidene chloride
Chlorinated polyether Polyethylene Rubber
Chblorosulfonated polyethylene Polyethylene glycol Rubber hydrochloride
Detergent (solid) : Polyimide Sand
Melamine-formaldehyde Polyisobutylene Soil
oil . Polyisoprene Tributyl phosphate
Organic acids (solid) Polymethyl methacrylate Urea-formaldehyde

14
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3.3.1.1 Fraction of Decay Energy Available for Radiolysis—Range of Radiation

The fraction of decay energy available for radiolysis depends on the range of the radiation, the sizes of
the radioactive particles, the density of the waste, and the waste configuration.

The fraction of alpha energy emerging from radioactive particles, Fp o, depends on the size of the
particles. For alpha irradiation, the absorbed dose for waste materials is applicable only to the mass of the
waste within the range of the alpha particles. Although plutonium oxalate calcined at 1000°C has been
shown to have a particle size distribution such that 8 maximum of 82% of the alpha radiation energy
escapes the particles as a result of self-absarption (NRC Docket No. 71-9218, Aug. 11, 1999), other TRU
waste such as HEPA filters may include smaller radioactive particles that exhibit smaller amounts of
alpha self-absorption. Since determination of particle size distributions is difficult and particle size
distributions may not remain constant under transportation-induced forces, this report conservatively
assumes that Fp =1=0. If the particle size distribution of the radioactive particles in the TRU waste is
known, and it can be justified that the particle size distribution will not change dunng loading and
transportation, then Fp  may be less than 1.0. The range of alpha particles with energies between 4 and 8
MeV in low density materials can be estimated by the following equation (Liverhant 1960):

1.2x107°g/em® )

- * 3 -
Range_(cm) = [(1.24 * Particle Energy(MeV)) 2.62]( Domioy 3.6
For a density of plastics and paper of approximately 1 g/cm3, the range of a 5.14 MeV alpha particle
(33%Pu) is 4.6x10-2 cm, and the range of a 5.59 MeV alpha particle (238Pu) is 5.2x10-3 cm. The range of a
5.59 MeV alpha particle in air is about 4.3 cm. Therefore, any waste material within about 4.3 cm of an
alpha source could potentially receive alpha radiation. However, once an alpha particle strikes a material
with a mass density of about 1 g/cm3, its range in that material would only be about 4.6x10-3 cm.

The range of beta particles is more difficult to calculate than the range of alpha particles. The pathof a
beta particle is very irregular and not as straight as that of heavy charged particles. A practical range, also
called extrapolated range, for beta particles with energies up to 3 MeV can be estimated by the following
equation (Liverhant 1960):

Rangeg (graim/cm?) = 0.546 * Particle Energy(MeV)—0.108. 3.7

For beta-emitting nuclides in TRU waste, the energies are typically 1 to 3 MeV. The range of a 1 MeV
beta particle is 0.438 g/cm2, and the range of a 3 MeV beta particle is 1.53 g/cm?2. In air (p=1.2x10-3
g/cm3), the range of a 1 MeV beta particle is about 365 cm and the range of a2 3 MeV beta particle is
about 1275 cm. In material with a mass density of 1 g/cm3, the range of a 1 MeV beta particle is about
0.44 cm and the range for a 3 MeV beta particle is about 1.53 cm. From a practical standpoint, the range
of beta particles from radioactive decay is typically much larger than that of alphas, and Fpg may be
assumed to be 1.0

Therefore, with Fp,o=Fp g=Fpy=1, the effective G value becomes:
a=A %’,[FM XGyq J* /?.,.E,[FM Gy Az [Fu. %Gt ) 3.8

In many instances, detailed information concerning the radionuclides and their concentrations in a waste
material may be unavailable, and determination of the separate decay fractions (Aq, Ag, and A,) may not

be possible. For most waste types and waste configurations, a conservative approach is to assume that all
decay energy is in the form of alpha decay, but the conservatism of this approach needs to be justified.
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p=2k@+h) 3.9
F rh

where: Pgis the particle fraction that can reach the plastic packaging materials;
tg is the range of the particles in the waste material [cm];
t is the radius of the cylinder [cm]}; and
h is the height of the cylinder [cm].

For example, a waste mass with an approximate volume of one gallon (with a radius of 7.62 cm (3.0 in.)
and a height of 20.32 cm (8.0 in.)) has a P=1.8x10-3 for alpha particles and a Pr=0.55 for beta particles.
Since the amount of material inserted into the product can is typically one gallon or more, these Pr values
are considered conservative for most cases. .

For gamma-emitting wastes, most of the gamma rays will escape the solidified mass. As a result of the
penetrating nature of gamma rays and to a lesser extent beta particles, most of the gamma ray and beta
particle energy would also penetrate through the plastic bags and only a very small fraction of the total
gamma ray and beta particle energy deposited in the bags. This small fraction of gamma ray and beta
particle energy deposited may be calculated, or conservatively, the fraction of beta and gamma decay
energy that escapes the solidified waste and is deposited in the polymeric confinement layers (e.g., plastic
bags that are usually polyethylene or polyvinylchloride) can be assumed to be 1.0.

3.3.2.1 Effective G Value for Solidified Aqueous Inorganic Absorbed Waste

Solidified Aqueous Inorganic Absorbed Waste may include any inorganic absorbents or solidification
agents. The radionuclides may be present as particles or in solution encapsulated by the solidification
materials. Because of the possibility of energy transfer between these inorganic materials and water, the
fraction of .available energy absorbed by the water is assumed to be 1.0.

For Solidified Aqueous Inorganic Absorbed Waste, the coefficients used in Equation 3.5 are summarized
in Table 3.5.

Table 3.5 Coefficients for Calculation of Effective G(gas) for
Solidified Aqueous Inorganic Absorbed Waste

Coefficient Value Coefficient Value Coefficient Value

Fra 1.0e Fuater, o 10¢b Fplastic, « 1.8x10-3d
Fpp 1.0 Fyater, 1.0 Fpiastic, g ) 055

Fp o 1.0 Fuater, y 1.0¢ Fplastic, y TBD!t

& A value < 1.0 may be justifiable for particles that have diameters that remain greater than ~ 10 um.

b Due to energy transfer, all the alpha energy is assumed to be absorbed by the water.

¢ A value of 1.0 is conservative; a calculated value Jess than 1.0 may be justifiable.

d Valid estimate for inorganic solids with a surface area 1o volume ratio < 1.3 (min. volume 1 gallon, see Sec. 3.3.2).
e Valid estimate for inorganic solids with a surface area to volume ratio < 1.3 (min. volume 1 gallon, see Sec. 3.3.2).
f A calculated value less than 1.0 may be justified.

Using the coefficients in Table 3.5, the effective radiolytic G value for Solidified Aqueous Inorganic -
Absorbed Waste is:
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Table 3.6 Coefficients for Calculation of Effective G(gas) for

Solidified Aqueous Inorganic Particulate Waste

Coefficient Value | Coefficient Value Coefficient Value

Fpa 1.0e Fuater,a 1.0b Fplastic, « 1.8x10-34
Fo.p 1.0 Fuvater,p 1.0 Ftastic,p 0.55¢
Fr.y 1.0 Foraicr, ¥ 10¢ | Fpusticy TBD!

& A value < 1.0 may be justifiable for pasticlkes that have diameters that remaia greater than ~ 10 pam.

b Due to energy transfer, all the alpha encrgy is assumed to be absorbed by the wates.

¢ A value of 1.0 is conservative; a calculated value less than 1.0 may be justifiable,

d Valid estimate for inorganic solids with a surface area 10 volume ratio < 1.3 (min. volume 1 gallon, see Sec. 3.3.2).
¢ Valid estimate for inorganic solids with a surface area to volume ratio < 1.3 (min. volume 1 gallon, see Sec. 3.3.2).
f A calculated value less than 1.0 may be justifiable.

Substituting the coefficients in Table 3.6 into Equation 3.5, the effective radiolytic G value for Solidified
Agqueous Inorganic Particulate Waste is obtained: .

G scridified Agueots lnorgasic Particulate Waste = Ao [(1-8"10-3 XG(plastic)) + (I.OXG(water))]
+,4[(0.55)G(plastic))+ (1.0XG(water))] 3.15

+ A, [(Fnicy NG (lastic)) + (B, XG(waten))] .

‘The effective G value for Solidified Aqueous Inorganic Particulate Waste that contains predominantly
alpha-emitting radionuclides (i.e. Ag=A=0 in Equation 3.15) is given by:

G soiiiied Aqueous Inorganic Particula Waste,. . = ;[(FMXGM )XFP]
= {[(1.8x10° XG plastic))]+ [(1. 0XG(water)) ] k1.0).

Using Gpastic, (H2)=4.1, Gptastic (825)=4.1 (based on the radiolysis of polyethylene), and Gpasic
(HCI)=0.7(based on the radiolysis of polyvinylchloride), and Gyaer,o{H2)=1.6 (based on the o-radiolysis
of water), Gwa{gas)=2.4 (assuming oxygen and hydrogen are released from the radiolysis of water) in
Equation 3.16, the effective G values for potentially flammable gas (H,), HC1, and net gas for Solidified
Aqueous Inorganic Particulate Waste that contains predominately alpha-emitting radionuclides can be-
estimated as:

3.16

G(H)=[(1.8x10-2)(4.1)+(1.0X1.6)](1.0)=1.6 3.17
GHCI)=[(1.8x10-3}0.7))(1.0)=1.08x10-3=0 ' 3.18
G(net gas)=[(l.85&10—3)(4.l)+(l.0)(2.4)](l.0)=2.4. 3.19

Note that the contributions to the effective G values from the radiolysis of the polymeric confinement
layers are negligible for Solidified Aqueous Inorganic Particulate Waste.
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Aqueous Inorganic Concreted Waste that contains predominately elpha-emitting radionuclides can be
estimated as:

G(Ho)=[(1.8x10-3)(4.1)+(0.3)(1.6)](1.0)=0.49 3.22
G(HCI)=[(1.8x10-3)0.7)](1.0)=1.08x10-3=0 3.23
G(net gas)=[(1.8x10-3)(4.1)+(0.30)(2.4))(1.0)=0.73. | 3.24

3.3.3 Effective G Values for Solid Inorganic Waste

Solid Inorganic Waste includes surface-contaminated solid inorganic materials, such as glass, metal,
ceramics, and fiberglass. The waste materials must be dry and free of oil, grease, or other organics except
for trace quantities (less than 1% by weight). The waste may be placed inside plastic bags (Solid
Inorganic Waste in Plastic) or metal cans (Solid Inorganic Waste in Cans), and then in drums that have a
rigid high-density polyethylene liner or other approved container.

No materials in Solid Inorganic Waste can radiolytically generate hydrogen. For Solid Inorganic Waste in
Plastic, radiation that escapes the waste mass can cause radiation in the polymeric packaging
(confinement layers). For Solid Inorganic Waste in Cans, gamma radiation that escapes the waste mass
and penetrates the metal can could poteatially cause radiolysis in any water or organic material (e.g.,
polymeric drum liner) that is outside the metal can confinement layer. However, any radiolysis that
occurs due to gamma radiation that escapes the metal can is expected to be very low.

On average, the surface-contaminated inorganic waste will absorb half of the alpha decay energy
escaping from the surface contamination. It is assumed that the other half of the decay energy is absorbed
by the packaging materials. The inorganic materials are considered to generate no gas by radiolysis. For
Solid Inorganic Waste in Plastic with polymeric confinement around the solid inorganic material, the
polymeric material cannot have a G(H,) value that exceeds 4.1 (based on polyethylene) or a GHCI)
value that exceeds 0.7 (based on PVC).

3.3.3.1 Effective G Values for Solid Inorganic Waste in Plasﬁc

For Solid Inorganic Waste in Plastic, the coefficients used in Equatxon 3.5 to determine the effective G-
value are summarized in Table 3.8.

Table 3.8 Coefficients for Calculation of Effective G(gas) for
Solidified Aqueous Inorganic Particulate Waste

Coeflicient Value ' Coefficient Value CoefTicient Value

) 1.0 Feater.a ob Fplastic, o 05e
Fp.p 1.0 Fuates, B 0c Fplastic, p 05t
Fpy 1.0 Fuater, y 0d Fplastic, y 05¢

a A value < 1.0 may be justifiable for particles that have diameters that remain greater than - 10 pm.

b No water or organics are allowed in Solid Inorganic Waste in Plastic.

¢ No water or organics are allowed in Solid Inorganic Waste in Plastic.

¢ No water or organics are allowed in Solid Inocganic Wasts in Plastic.

¢ Half of the decay energy from the surface contamination can interact with the packaging (¢.g., plastic bags).

f Half of the decay energy from the surface contamination can interact with the packaging (e.g., plastic bags); a value less than 0.5 mybe
justifiable.




3." Hydrogen Generation Rates in Transuranic Waste

The surface-contaminated organic waste or their organic packaging is assumed to absord 100% of the
available decay energy. The only gas generated by inorganic materials is oxygen, which would tend to
oxidize the plastic packaging materials. Therefore, any inorganic materials present are considered to
generate no gas by radiolysis.

Radiolysis of the solid organic materials (typically plastic) bounds the radiolytic gas generation for Solid
Organic Waste. For Solid Organic Waste, the coefficients used in Equation 3.5 to determine the effective
G-value are summarized in Table 3.9.

Table 3.9 Coefficients for Calculation of Effective G(gas) for Solid Organic Waste

7 CoefTiclent Value Coefficient Value
Fp,« 1.0» Fpiastic, o 1.0b
Fp,p 1.0 Fplastic, B . 10¢
Fp,y 10 Fplastic, y 1.0d,e

a A vatue <1.0 may be justifiable for particles that have diameters that remain greater than ~ 10 pm.
b,e,d Energy transfer is assumed 10 occur.
[ A value of 1.0 is conservative; a calculated value less than 1.0 may be justified.

Using the coefficients from Table 3.9 in Equation 3.5, the effective radiolytic G value for Solid Organic
Waste is:

GSothrpchste ?" l(l OXGSothrpnlc)J
+ xs [(l 'OXGSolid Organic )] 3.30
+A, [(Fplstic.'( XGsonaomnic )] . '
The effective G value for Solid Organic Waste that contains radionuclides which are mainly alpha-
emitters (i.e. Ag=A=0) is: A
G5otia Orgasic Waste, = (1 -OXG(SOHd organic)) . 3.31
Therefore, using the G values of G(Hz)=4.1 (based on the radiolysis of polyethylene), GAHCI)=0.7 (based
on the radiolysis of polyvinylchloride), and G(net gas)=10.2 (based on the radiolysis of cellulose) for

waste containing radionuclides that are predominantly alpha-emitters, the effective G-values for Solid
Organic Waste are:

G(H2)=[(1.0)(4.1))(1.0)=4.1 3.32
G(HCl):[(I.O)(O.7)](l.0)=0."7 3.33
G(net gas)=[(1.0)(10.2))(1.0)=10.2. 3.34

3.3.5 Summary of the Effective G Values for Various Waste Types When the
Radionuclides are Primarily Alpha-Emitters

Table 3.10 summarizes the radiotytic G values for hydrogen, hydrogen chloride, and net gas genera.tion
for the various waste types discussed above.




4. Calculation of Hydrogen Concentration

4, CALCULATION OF HYDROGEN CONCENTRATION FOR VARIOUS
PACKAGING CONFIGURATIONS

4.1 Modeling Hydrogen Concentration in TRU Waste Transportation
Containers

The predominant source of hydrogen in a TRU waste transportation package is typically from the
radiolysis of the hydrogenous material(s) in the contents. For contents that include significant gamma-
emitting nuclides or for contents that are adjacent to hydrogenous confinement materials, radiolysis of the
polymeric confinement layers can also contribute significantly to the total hydrogen generation rate.

As hydrogen is generated, it could potentially accumulate within a confinement region to form a
flammable mixture. This accumulation will occur if the release rate of hydrogen from that barrier is less
than the sum of the generation rate within the region and the rate of hydrogen entering the confinement .
‘barrier. Parameters that govern the release of hydrogen from the various confinement and containment
barriers in TRU waste transportation containers include: .

(3) Waste packaging configuration (i.e., the number and type of confinement and containment layers
surrounding the waste),

(b) Rate of hydrogen generation within the waste and confinement layers,
(¢) Release rates of hydrogen from each of the confinement and containment layers,
(d) Temperature of the waste and the confinement components,

(e) Void volume within the various product containers, confinement layers, and contaimment vessel(s),
and

(f) Duration of the shipping period ( normally assumed to be a maximum of one year).

The release rate of hydrogen through a given confinement barrier is a combination of the rate of hydrogen
diffusion through any opening(s) or leakage path(s) in the barrier and the rate of hydrogen permeation
through the barrier material. Some confinement materials, such as metal product cans (food pack cans)
and glass containers, do not allow significant hydrogen permeation and any release of hydrogen is due to
gas escaping through leakage paths. However, for other confinement materials, such as polymeric bags
and polymeric drum liners, the hydrogen permeation rate can be significant. The hydrogen permeation
rate through plastic bags is often on the order of the hydrogen diffusion rate through the small leakage
paths in the twist-and-tape or fold-and-tape closures of plastic bags (NRC Docket No. 71-9218, Aug. 11,
1999). In general, the number of confinement layers should be minimized and the hydrogen permeability
of the confinement layers should be maximized to limit the rate of hydrogen accumulation in the
innermost confinement barrler, which is typically the region of highest hydrogen concentration.

The most common confinement barrier materials in a TRU waste transportation package are polymeric
bags and metal cans. Some TRU wastes are placed in metal product cans and then “bagged out” by
placing the metal can in a plastic bag. This bagged can may then be placed in one or more bags or in a
second can that is bagged. Other TRU wastes may be placed directly in plastic bags.
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4. Calculation of Hydrogen Concentration

R is the gas law constant [82.05 amcm¥/gmolK);
T is the gas temperature [K];
P is the gas pressure {atm]; and
t is the thickness of the confinement barrier [cm].
Substituting for the hydrogen concentration gradient into the Equation 4.1 gives:

T = Da,“dz P(xn,.tn ‘xﬂ,m)
D 4tRT :

4.3

To obtain conservative estimates of the effective hydrogen transport rate due to diffusion, the above
equation should be calculated using: (1) the minimum leakage path cross-sectional area, (2) the
coefficient for hydrogen diffusion in air at the minimum temperature, and (3) a pressure of one
atmosphere.

4.1.2 Permeation of Hydrogen Through Packaging Materials

The permeability of a material to hydrogen is quantified as the material’s hydrogen permeability .
coefficient. Permeability may be defined as the number of moles of gas passing per unit time through a
material of unit area, which is of unit thickness under a unit partial pressure gradient at a specified
temperature, Typical units for permeability are (molecm)/(s<cm2mmHg). The permeability rate depends
on the material type, material thickness, the material’s history (i.e., absorbed dose), the concentration
driving force, and temperature.

Two materials that are commonly used as polymeric confinement barriers (plastic bags) in TRU waste
transportation packagings are polyvinyl chloride (PVC) and polyethylene (PE). In addition to material
type, permeability also depends on the additives in the materials. '

The dose absorbed by a polymeric confinement material may influence its permeability to gases.
Although gamma doses up to 800 krad seem to have no effect of the permeability of PE and PVC to N,,
O, CO; and H;O, and the crosslinking in the polymers caused by gamma ray absorption has been shown
to not cause significant changes in the permeability (NRC Docket No. 71-9218, Aug. 11, 1999),
preliminary tests performed on waste drums that had been stored for fifteen years indicate that the
hydrogen permeability rates through both PE and PVC were higher than the rates through new plastic
samples (Varsanyi 1975). For TRU waste materials that were placed in polymeric confinement layers
recently or when the polymeric confinement layers have not absorbed a significant dose, the permeability
rate of new confinement materials may be used for modeling purposes. For TRU waste materials that
have been in particular confinement layers for a significant period of time or for cases where the
confinement materials have absorbed a significant dose, measuremeants can be performed on the
radiation-damaged confinement material to obtain the appropriate permeability coefficient for modeling
purposes. However, if it is known that the confinement barriers in a package have a higher permeability
than new material, modeling the hydrogen release with the properties of the new material should yield
conservative results for the hydrogen concentration within the inner-most confinement layer.

Permeabilities are highly temperature dependent and this dependence can be represented with an
exponential Arthenius-type equation (Varsanyi 1975):

P = exp(-Ey/RT) 44




4, Calculation of Hydrogen Concentration

D, \(G®H,) Dy, )( o G(net gas)
Ny, (100)( AL )() (100]( Ay ® 4.7
where: Ny gas is the number of moles of gas generated [gmol];
Dlam gas is the number of moles of flammable gas generated [gmol];
Dy . s the decay heat that is absorbed by the radiolytic materials [eV/s];

G (flam gas) is the radiolytic G value for flammable gas [molecules/100 eV];
G (net gas) is the radiolytic G value for net gas generation [molecules/100 eV];

t is the time that the container has been sealed [s];
An is Avagadro’s number [6.023x1023 molecules/gmol]; and
o is the fraction of Gg(net gas) that is equivalent to Ggr(flam gas).

Using the above expressions, the mole fraction hydrogen, X, as a function of time is:

(P.&)( aG(netgas) ) ©

ng, (100" Ay

D, +0,.,,, PV . Dy ) G(netgas) ®
R,T, | (100)| Ay |

where: Py is the pressure when the container was sealed [atm];

Xg, () =

4.8

To is the temperature when the container was sealed [K];

A is the container void volume [cm3]; A

R, is the gas law constant [82.05 cm3-atm/gmol-K]; and

ny is the initial number of gas moles in the container when the vessel was closed [gmol].
4.2.1.2 Hydrogen Gas Concentration in a Single Rigid Leaking Enclosure

An analysis is made of the hydrogen mole fraction as a function of time for an enclosure wherein
hydrogen is being generated and the escape of hydrogen from the enclosure occurs by diffusion. The
hydrogen mole balance for this case is:

d(c’;") =R, ~-TX~X,) 49

where: n is the total number of gas moles within the enclosure [gmol];
X is the hydrogen gas mole fraction;
Ry is the molar hydrogen generation rate [gmol Hay/s];
T is the effective transport rate of hydrogen from the enclosure [gmol H,/s-mole fraction]; ‘
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4. Calculation of Hydrogen Concentration

Ca is the flammable gas concentration of the gas escaping the container [gmol/cm3];
V is the void volume in the container [cm3]; and

t s the time [s].
Separating variables and integrating yield:
Ca=Cp [l - exP(-\t,Q )] . ' 4.14

For an example calculation of the hydrogen concentration in a single semi-open rigid container with its
contents undergoing radiolysis, see Example #2, Appendix F.

4.2.2 Simple Nested Enclosures

This section develops representative methods for modeling the hydrogen concentration as a function of
time for various numbers of nested enclosures used to represent nested confinement layers (e.g., plastic
bags, plastic drum liners, food product cans) and containment layers.

4.22.1 Hydrogen Gas Concentration in a2 Rigid Leaking Enclosure Nested Within a Rxgld Non-Leaking
Enclosure

Consider a rigid leaking enclosure holding radioactive material that is nested within a second rigid
nonleaking enclosure. The radioactive material within the inner enclosure is radiolytically generating
hydrogen. If the hydrogen escapes the inner enclosures only by diffusion, the hydrogen mole balance can
be formed as follows:

1(%——)_ Ry -, -X,)

d(ndzt 2)=T1(X1 _xz)

4.153b

where: m is the number of gas moles within enclosure ftl'('mnm'_ enclosure) as a funcﬁon of time
(=no,1+ nu2,1) [gmoll;

n; is the mumber of gas moles within enclosure #2 (outer enclosure) as a function of time
(=ng2 + N2 2), (not including gas within enclosure #1) [gmol];
N, is the initial number of gas moles within eaclosure #1 [gmol];
np> is the initial number of gas moles within enclosure #2 [gmol];
ny2; is the number of hydrogen gas moles within enclosure #1 as a function of time [gmol];
nyp 2 is the number of hydrogen gas moles within enclosure #2 as a function of time [gmol];
X isthe hydrogen gas mole fraction within enclosure #1;
X, is the hydrogen gas mole fraction within enclosure #2;
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4, Calculation of Hydrogen Concentration

For the check that Equations 4.19 and 4.20 are the solutions to the differential Equations 4.18a and
4.18b, see Example #3, Appendix F. For an example calculation of the hydrogen gas conceatration in a
rigid leaking enclosure nested within a rigid non-leaking enclosure, see Example #4, Appendix F.
4.2.2.2 Hydrogen Gas Concentration in Two Nested Rigid Leaking Enclosures

Consider a rigid leaking enclosure holding radioactive material that is nested within a second rigid
leaking enclosure. The radioactive material within the inner enclosure is radiolytically generating
hydrogen. If the hydrogen escapes the inner enclosures only by diffusion, and the quasi-steady

assumption that the total gas moles in each enclosure remain relatively unchanged is used, the hydrogen
mole balance can be formed as follows:

dX
— =R, ~T,(X, ~-X,)

n,

dd)z 421 ab
HZT =T,(X,-X,)-T,X, -X.,),
or
& —5-AX, -X,)
d(;; 422 ab
S =B, -X,)~C(X, -X,)

where: S =Rp/my; A =Ty/ng; B = Ty/ny; C=To/ny;

n; is the number of gas moles within enclosure #1 (innet enclosure) when the enclosure was
sealed {gmol];

n, is the number of gas moles within enclosure #2 (outer enclosure) when the enclosure was
sealed [gmol]; :

X; is the hydrogen gas mole fraction within enclosure #1;
X, is the hydrogen gas mole fraction within enclosure #2;

T; is the effective rate of hydrogen transport through the wall of enclosure #1 {gmol Ha/smole
fraction];

T, is the effective rate of hydrogen transport through the wall of enclosure #2 [gmol H,/s:mole
fraction];

t  isthe time [seconds]; and
X, is the hydrogen mole fraction in the ambient environment (outside enclosure #2).

For an outer enclosure leaking to an ambient environment that contains no hydrogen, then X,=0 and the
equations reduce to:
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dxX
nl—d-tl =Ry~ X, -X,)

dXx
nz—af'='1}(xx -X,)-T,(X,-X,) 4.26 ab,c
dx A
ns"&‘; =T,X,—X,),
t
or
dX,
—=S-AX, -X,)
d t 1 2
dx
dX,
—==D -X,)
it X, —X,
where: S= lenl; A= T,Inl; B= T1/n2; C =T2/nz; D=T2/n3;
n; isthe number of gas moles within enclosure #1 (inner enclosure) when the enclosure was
sealed [gmol]; ‘
n; is the number of gas moles within enclosure #2 (séoondary enclosure) when the enclosure
was sealed [gmol];
n; is the number of gas moles within enclosure #3 (outer enclosure) when the enclosure was
sealed [gmol];
X is the hydrogen gas mole fraction within enclosure #1;
X, is the hydrogen gas mole fraction within enclosure #2;
X3 is the hydrogen gas mole fraction within enclosure #3;
T; is the effective rate of hj}drogen transport through the wall of enclosure #1 [gmol Ho/s-mole
fraction];
T, is the effective rate of hydrogen transport through the wall of enclosure #2 [gmol H,/s-mole

t

fraction]; and
is the time [seconds].

The initial conditions for the above three coupled ordinary differential equations are: X;(0)=0; X2(0)=0;
and X3(0)=0. .

4.2.2.4 Hydrogen Gas Concentration in Three Nested Rigid Leaking Enclosures

Consider a rigid leaking enclosure holding radioactive material that is nested within a second rigid
Jeaking enclosure, which is in turn nested within a third rigid leaking enclosure. The radioactive material
within the inner enclosure is radiolytically generating hydrogen. If the hydrogen escapes the inner and
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X, _S-AK,~X,)

dt
4 - BX, - X,) - CX; = Xy) 430absc
S =D, - X,)-E(X,).

4.2.2.5 Hydrogen Gas Concentration in Multiple Nested Enclosures: Generalized Approach
Generalized Approach for a Single Contents

Consider radioactive material that is nested within multiple enclosures. Although differential equations
can be developed and solved numerically to determine the hydrogen concentration in all void spaces
between the various confinement and containment layers, the hydrogen gas concentration within the
inner-most confinement layer is typically limiting (bounding). It is convenient (and yields bounding
results for the hydrogen concentration within the inner-most confinement layer) to group the various
confinement layers together to obtain an effective resistance to hydrogen flow that represents the sum of
the resistances due to all the confinement layers. Using such an approach, the effective rate of hydrogen
transport through the four confinement layers is:

— 'rszTST4
AT 4T, +T,+T,

4.31

Similarly, for N confinement layers, the effect rate of hydrogen transport through the N layers isi

HT

Ty = 4.32

ZT

Using this effective rate of hydrbgen transportt, the iiydrogen concentrations associated with a contents
nested within N confinement layers and then placed in a containment vessel (surrounded by an
atmosphere that contains no hydrogen) have the form of Equations 4.23a,b:

dX
e Y -
It S-A(X,-X,)

4.332ab
2 28X, - %,)-C(%,).

where: S = Rp/n;; A= Teg/ng; B = Teg/ny; C =To/ny;
n; is the number of gas moles within the inner-most confinement layer [gmol];

ny is the number of gas moles between the outer-most confinement layer and the containment
vessel (it is assumed that the volume between the N confinement layers is zero) [gmol];
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and the solution for the hydrogen concentration as a function of time for the volume between the outer-
most confinement layer and the containment vessel is:-

-BS +BSexp[—t(A+B)]+ BSt

XO=GTey (A+B)y’ (A+B)

4.36

where: S = (Ry/my); A=(Te/ny); and B = (Tea/nc).
Generalized Approach for Multiple Contents

For a non-leaking containment vessel holding N contents each with multiple layers of confinemeat, the
differential equations describing the hydrogen concentration are:

dX
n,—L1 =R, =Ty, X, -Xc),

dt
nz% =Ry = T2 (X, —Xo) |
n,-‘%—’- =Ry — Tur s (Xs = Xe)s 4.37apb,...n
....... ny df;" =R,,n — T n(Xp — X), and
1 8K T (0, Ko ) T s = X + T s Oy = K)ot Teg (K =)

where: n;  is the number of gas moles initially in the multiple confinement layers around payload i
[gmol];

nc  is the number of gas moles initially in the volume between the outer confinement layers
around each payload and the containment vessel [gmol];

X; isthe hydrogen mole fraction within the inner-most confinement layer surrounding payload i;

Xc is the hydrogen mole fraction between the outer-most confinement layer of each payload and
the containment vessel; and

Tesrs is the effective rate of hydrogen transport across the multiple confinement layers around
payload i {gmol H./s:mole fraction].

If it can be assumed that: (a) all the contents are essentially identical, (b) that the hydrogen generation
rate from each of the contents is the same (i.e., Ry, 1= Ry, 2= Ry, 3=...= Ry, i=Ryy), (€) that the number
and type of confinement layers around the N contents are the same (Le., Tegr, 1= Tegr, 2= Tetr, 3 =....= Tegs,
N=Ter and n;=npy=n3=...=ny), then the set of differential equations in 3.2.37n reduces to:

dX
nlﬁl':RM T X, -X¢)

ax 4.38ab
ne S = NT (X, -Xo),

which have the form:
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where: Ry is the molar radiolytic gas generation rate [gmol/s];
| Dy is the contents decay heat [eV];
G (net gas) is the effective radiolytic net gas Gy value [molecules gas/100 eV]; and
AN is Avagadro’s number [6.023x1023 molecules/gmol].

Using the radiolytic gas production rate, the ideal gas 1aw can be used to describe the container pressure
as a function of time:
(@, +RyR,T

P,(O= v 4.45

where: Pu(t) is the container pressure as a function of time [atm];
ng is the initial number of moles of gas inside the container [gmol];
t isthe time that the container has been sealed [s};
R, isthe gas law constant {82.05 cm3-atm/gmol-K];
T is the container temperature [K]; and
V . is the container void volume [cm3].

If the container was initially sealed at a pressure P and a temperature Ty, then the initial number of gas

moles, ny, is:
P,V

n, = .
R sTo

4.46

Substituting the eipmsion for the initial number of gas moles and for the radiolytic gas production rate,
the pressure in a single non-leaking enclosure is:

R, T
P@)=| P, T + Dy ) G(net gas) et )| 447
T, 100 Ay v
For an example calculation of the pressure in a single rigid non—leakmg container with its contents

undergoing radiolysis, see Example #6, Appendix F.
4.3.2 Pressure in a Single Rigid Leaking Enclosure

Consider a container holding radioactive contents that has a void volume, V, where gas is generated at a
rate, Ry, which is the rate of radiolytic gas generation . The container has a small leak hole with a
diameter, D, through which gas leaks out to the environment at a rate dependent on the gas pressure
within the container.

As shown above, the decay heat, Dy, that is absorbed by the radiolytic material and the effective
radiolytic G-value of the material determines the gas generation rate:
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d:: ) (R;IV‘RM J_[(Fc +F,) @, —P,)(Puz‘;upa )(%.)] © 453
or after rearranging:
R ladicad

This equation has the form:

‘“Iwgpu’:d: 455

where: = EexBal] g ¢=(RsTRuJ+[(FC+FM)p:}

2V A\ 2v

and Fp, is treated as a constant even though it is a function of the average pressure [(P,+P4)/2]. Since the
average pressure is greater than or equal to one atmosphere (for Pg=1 atm), using an average pressure of 1
atm for the calculation of Fy, would bound the rate of gas release from a container. On the other hand,
neglecting the contribution of molecular flow to the total flow from a container would bound the pressure
in the container.

Separating variables in the above differential equation gives:
dpP, dP,

(3 )_Puz T¥-p,
Q

(R 'I'RM)+((FC+FM)P,’J
v 2V (2R
where: ?=%= =( 'TR")+P¢2.

7 =Qdt 4.56

(F: +Fy) F+E,
2V

Integrating the above equation and rearranging gives:

tanh™ (—:%"7—)= (Q\/‘—P- )t +C, where 2, ¥, and C can be considered constants 457
Applying the initial condition that P,=P, ¢ at t=0, C is determined:

P
C=tanh™| == |. 4.58

After substituting for C and rearranging, the gas pressure inside the container as a function of time is:
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4.4 Time to Reach the Lower Flammability Limit for Hydrogen in
Transuranic Waste Transportation Packages

This section addresses representative methods for determining the potential flammability of gaseous
mixtures that may be present in TRU waste transportation packages. After a general discussion of
flammability limits, methods are presented to predict the time for reaching the lower flammability limit,
particularly for hydrogen, within various layers of confinement of TRU waste transportation packages.
The methods are based on limiting hydrogen to a concentration below its lower flammability limit in air
during the shipping period. Typically the shipping period is a maximum of one year, which is consistent
with the time period for determining the maximum normal operating pressure. For special cases,
however, alternative shipping periods may be justified. For such justified cases, the shipping period may
be defined as equal to one-half the time it takes the hydrogen to reach its lower flammability limit.

4.4.1 Flammability Limits

The flammability limit of a gas mixture comprised of a flammable gas and a gaseous oxidant represents a
borderline composition; a slight change in one direction produces a flammable mixture, in the other
direction a nonflammable mixture. There are two limits of flammability, a lower and a higher, for each
fuel/oxidant pair. The lower limit corresponds to the minimum amount of combustible gas and the higher
or upper limit to the maximum amount of combustible gas capable of conferring flammability on the
mixture. Mixtures within these limits liberate enough energy on combustion of any one layer to ignite the
neighboring layer of unburned gas and are therefore capable of self-propagation of flame; others mixtures
are not.

4.4.1.1 Hydrogen Flammability Limits

Flames in mixtures of hydrogen and air are exceedingly pale; the flame in a limit mixture is almost
invisible, even in a completely darkened room. Many experiments have been performed to determine the
lower and upper flammability limits for hydrogen in air (Coward, 1952). A variety of geometrical
configurations and ignition methods have been used for the reaction chamber. When using a vertically-
oriented cylindrically-shaped reaction chamber, it was found that ignition at the top of the chamber
(downward flame propagation) resulted in different results for the flammability limits compared with
igniting the gases from the bottom of the chamber (upward flame propagation). A lower flammability
" limit of 4.1 volume percent hydrogen in air was measured for upward flame propagation in cylindrical
tubes with diameters larger than about 2 inches. However, whea the tube diameter was decreased to 0.8
inches, the lower flammability limit was 5.1 volume percent hydrogen. For horizontal flame propagation,
the lower flammability limit for hydrogen in air was about 6.7 volume percent hydrogen, and for
downward flame propagation the lower flammability was about 9 volume percent hydrogen.

For purposes of this document, the lower flammability limit for hydrogen in air is taken as 5 volume
percent hydrogen. This value is considered appropriate based on the methods presented here, which are
intended to provide a simplified analytical approach that is adequately conservative.

Increasing the pressure has only a marginal effect of the lower flammability limit for hydrogen in air.
Some experiments have shown a slight increase (~ 2 volume percent) in the lower flammability limit as
the pressure is increased from 1 to 5 atmospheres, however, other experiments have observed no change
in the lower limit for pressures from 0.5 to 4 atmospheres.

An increase in temperature causes the lower limit to approach its lower bounding value, whereas an
increase in temperature causes the upper limit to increase (i.e., at 540°C a 90.45 volume percent
hydrogen mixture was ignited). ‘
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G(net gas) is the radiolytic G value for net gas generation [molecules/100 eV];
R, is the gas law constant [82.05 cm3.atm/gmol K];

To is the temperature when the container was sealed [K]; and

o is the mole fraction of the gas generated by radiolysis that is hydrogen.

From Equation 4.66, it is clear that o must be greater than 0.05 to yield reasonable results. From a

physical perspective, if o is less than 0.05, a mixture of 5 volume percent hydrogen will never exist
inside the container. Conservative estimates of the time to reach 5§ volume percent hydrogen in the

container can be obtained by setting a equal to 1.0.
4.4.2.2 Single Rigid Leaking Enclosures

For single rigid leaking enclosures, the hydrogen mole fraction as a function of time is given by Equation
4.71. Setting the hydrogen mole fraction in this equation to 0.05 (the lower flammability limit) and
solving for time yields the time necessary for the gas mixture inside the vessel to reach Svolume percent
hydrogen:

o.os*r) 467

-n
t;, = Inj 1~
I ( R,
where: n is the initial number of moles of gas inside the coqtainet [gmol];
T is the rate of hydrogen transport from the enclosure [gmol Hy/s.mole fraction]; and
Ry is the molar hydrogen generation rate [gmol Ha/s].

Equéﬁon 4.67 is valid only for cases where (0.05 T) < Ry. The initial number of gas mole inside the
container when it is sealed, n, is calculated using the ideal gas equation along with the Gi.e.,
n=(Po V)R, To).

4.4.3 Simple Nested Enclosures

The governing equations for the hydrogen mole fraction for simple nested enclosures are described in
Section 4.2.2. The closed-form solutions giving the hydrogen mole fraction as a function of time for a
rigid leaking enclosure nested within a rigid non-leaking enclosure are given by Equations 4.19 and 4.20.
The closed-form solutions given the hydrogen mole fraction as a function of time for two nested rigid
leaking enclosures are given by Equations 4.2.24 and 4.25. Since these equation cannot be solved
explicitly for time, it is necessary to use a graphical approach, a trial-and-error, or a numerical iterative
approach to determine the time necessary to reach a given hydrogen mole fraction. The simplest approach
is to plot the solution for the hydrogen mole fraction as a function of time for the region of interest and to
graphically determine the time that corresponds to the hydrogen mole fraction of interest. For an example
calculation of the hydrogen gas concentration in a package containing radioactive material nested with
three confinement layers and a containment vessel, see Example #9 in Appendix F.
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6. SUMMARY

This document addresses hydrogen generation in TRU waste transportation packages. Four general
hydrogen-generating mechanisms are considered: (1) chemical reaction, (2) thermal degradation,

(3) biological metabolism, and (4) radiolysis. General information and guidelines are given for the first
three mechanisms, with the focus of the report on hydrogen generation due to radiolysis.

The report provides methodologies for estimating the hydrogen generation in TRU waste due to
radiolysis. Bounding G(H,)-values are determined for common types of TRU waste. Equations are
developed that allow prediction of hydrogen conceatration as a function of time for various TRU waste
content types and packaging configurations. Also, equations are developed that allow prediction of the
time required to reach a given hydrogen concentration for simple packaging configurations.

General guidelines are provides for limiting the hydrogen generation and accumulation in TRU waste
transportation packages.
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APPENDIX A. CHEMICAL REACTIONS

Many chemical reactions that produce hydrogen gas involve a change in the valance of metal atoms or
ions and the formation of hydrogen from the combination of hydrogen ions or from the dissociation of
water. Additionally, hydrogea is produced when a metal hydride is converted to a metal oxide orto a

metal hydroxide by reaction with oxygen-containing species, such as hydroxide ions, oxygen, or water.

Metals that are more electropositive than hydrogen (above hydrogen in the electromotive force series)
will liberate hydrogen gas upon reaction with dilute acid solutions or in some cases water, These metals
include: Sn, Ni, T1, Cd, Fe, Zn, Al, Be, Mg, Na, Ca, Sr, Ba, Rb, K, and Li.

Example reactions between hydrogen ions and metals include:

Fe(s) + 2H+(aq) = Hy(g) + Fe2+(aq), and . Al
Zn(s) + 2H+(aq) = Ha(g) + Zn2+(aq). A2
The reaction between metallic sodium and water is:

2Na + 2H,0 = 2NaOH + H,. | A3
Calcium hydride will also react with water to give hydrogen gas:

CaH, + 2H,0 =» Ca(OH), + 2H,. . A4
The dissolution of aluminum or silicon in alkali solution produces hydrogen according to the reactions:
2A1 + 2NaOH + 6H,0 = 2NaAl(OH), + 3H;, and v AS

Si + 4NaOH = NaySiO4 + 2H,. A6

Corrosion of metal comprising the packaging (including inner containers) is a phenomenon which can
appear either generalized or local. Corrosion depends on the following parameters: (1) type of metal or
alloy, (2) chemical properties of the surrounding water or vapor (pH, oxidant concentration, etc.), and
(3) temperature and pressure of the surrounding medium. In addition to influencing the corrosion rate,
these parameters affect the type and quantity of the comrosion products.

The following mechanisms describe the corrosion reaction between iron and water:
3Fe + 4H,0 = Fe;O4 + 4H,, and A7

Fe +2H,0 = Fe(OH), + H,. A8

These two reactions will dominate over other iron corrosion reactions if the medium surrounding the
wastes is anaerobic. If no consideration is given to consumption of hydrogen after its formation, then the
volume of hydrogen produced will be directly related to the quantity of iron corroded.

In complex mixtures of transuranic isotopes, water, inorganics, and organics (e.g., lubricants, oils,
solvents, resins), predicting all possible reactions that lead to hydrogen evolution may be difficult even if
all the mixture constituents are known. In some radioactive liquid and sludge wastes, the hydrogen (and
other flammable gas) generation rate has been found to be greater than that predicted from radiolysis -
(McDuffie 1994; Hopkins 1994). The discrepancy has been attributed to hydrogen produced by chemical
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R is the gas law constant [8.314 J/mol-K]; and
T is the reaction temperature [K].

Although 10 CFR 71.43(d) requires that a package be made of materials and construction that assures
that there will be no significant chemical, galvanic, or other reaction among the packaging componeats,
among package contents, or between the packaging components and the package contents, for certain
contents such as non-solidified radioactive liquid and sludge waste mixtures, there may be some
hydrogen evolution due to chemical reactions among the constituents in the contents. For waste mixtures
where the chemical generation of hydrogen is unavoidable, the appropriate activation energy and waste
temperature should be used to estimate the rate of hydrogen evolution.
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of thermal tests (in the absence of experimental data) on the polymeric materials by subjecting them to
simulated transport conditions to determine the generation rate of hydrogen (and other fiammable gases)
and any potentially corrosive products may be necessary. When a transportation package contains a
mixture of polymeric materials, experimental data concerning the thermal degradation of individual
polymeric materials should be used with caution since it has been demonstrated that mixtures of
polymers can have different (larger) thermally generated amounts of gases than the simple sum of the
individual polymer contributions.

Some experimental results of polymer degradation studies for selected polymers are presented in Table
B.3. From Table B.3, it is clear that significant thermal degradation should be expected for many
polymers if the temperature is greater than about 473 K (392°F). However, for essentially all TRU waste
transportation containers, the waste does pot experience temperatures greater than about 393 K (248°F) as
a result of the relatively low decay heats. Although most polymeric materials will not undergo significant
thermal degradation at a temperature of 393 K (248°F), this temperature is above the maximum
continuous service temperature (MCST) for some polymheric. materials and a limited amount of thermal
degradation may be expected to occur. The MCST is based on the polymer maintaining its required
structural properties. Above the MCST, the material could be expected to soften (except for
thermosetting resins) as it approaches its glass transition temperature and may release some trapped
solvents, plasticizers, and other low-volatility materials and may also undergo some limited thermal
degradation. Based on a maximum contents temperature of about 393 K (248°F), the polymers typically
in TRU waste that should be examined as to their thermal degradation gas emission rate include (but are
not limited to) nylon, polyethylene, polystyrene, polyvinylchloride, and epoxy.

Thermal degradation experiments performed on some common waste materials (such as cellulosics,
plastics, and rubbers) at temperatures as high as 373 K (212°F) indicate that the moles of gas generated -
per kilogram of material would be 1.23x10-3 moles/kg (2.7x10-3 moles/lbm) waste material (Kosiewicz
1979). In addition, carbon didxide and carbon monoxide are the common thermal degradation products
and, although these gases would contribute to the total containment vessel gas pressure, they would not
contribute to the inventory of flammable gases.

A second-order effect that may be important to consider is the release of HC1 from the thermal
degradation of polyvinylchloride. It is possible that thermally liberated hydrogen jons could undergo
corrosion reactions with metals present, which would résult in a release of hydrogen gas as a corrosion

product.
Table B.1 Vacuum Outgassing of Some Common Polymers at 298 K (Parker Seals 1992)

Polymer Compound # % Wgt. Loss Polymer Compound # % Wgt. Loss
Butyl B612-70 0.13 Nitrile N674-70 1.06
Neoprene C873-70 0.13 Polyurethane P648-90 0.129
Ethylene Propylene E515-80 0.39 Silicone S$455-70 0.03
Ethylene Propylene  E529-60 0.92 Silicone S604-70 0.31
Ethylene Propylene E692-75 0.76 Fluorocarbon  V747-75 0.09
Fluorosilicone 1449-65 028 Fluorocarbon  V884-75 0.07
Fluorosilicone L677-70 0.25 Fluorocarbon  V894-90 0.07
Nitrile N406-60 345
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Table B.3 Various Thermal Degradation Results for Polymers

Compound - Experimental Results References

Polystyrene When polystyrene is subject to temperatures in the range of 633-693 K Camiti 1991
(680-788°F), many volatile flammable products are released, including
benzene, toluene, ethylbenzene, and diphenylpropanes.

Polypropylene When filled polypropylene (Taboren) was heated for 35 minutes at 533 K Pacakova and

(filted) (500°F), many low molecular weight volatile products were released, Leclercq 1991
including methane, ethane, ethene, propene, butene, 1.3-butadiene, acetone, '
pentane, etc. ‘

Polyethylene Thermal oxidation of polyethylene shows gradual energy absorption until Pacakova and
melting at about 383 K (230°F), and then combustion occurs at about 523 K Leclercq 1991
(482°F). Polyethylene will release only minimum amounts of toxic or
flammable gases at 343 K (158°F). Under air at 773 K (932°F) in flameless
conditions, compounds typical of the thermal degradation of polyethylene
included: 1-alkenes (present in the largest amounts), and the corresponding
o,0—-alkadienes and n-alkanes. The only other substance present was
triethylphenol.

Polyethylenc- When subject to a flameless temperature of 773 K (932°F) in air, Pacakova and

Coated Paper polyethylene-coated paper released acetone alcohol, trimethoxymethane, and  Leclercq 1991
other higher molecular weight substances.

Milk Package ‘When the milk package material was subject to 773 K (932°F) air in Pacakova and
flameless conditions, the characteristic products of burning polyethylene Leclercq 1991
were formed, i.e. the 1-alkenes, o, @-alkadienes and n-alkanes. In addition,
the corresponding alkylaldebydes and derivatives of furals were present.

Polyamide 6 The experimentally obtained thermogravametric curve for polyamide 6, when Bockhom 1996

heated at a rate of 2 K/min under helium, shows that significant volatile
products are released when the temperature reaches about 553 K (536°F) and
that the highest release rate of volatile products occurs when the temperature
is about 688 K (779°F). Althongh the polymer decomposes quantitatively
producing a high amount of the monomer e-caprolactame (>90%), a

" significant amount of volatile materials are released with molecular weights

between 15 and 30. For decomposition of a 2x10-5 kg (4.4x10-5 Ibm) sample,
the apparent activation energy was about 200 kJ/mole, the pre-exponential
factor was log;o(A)=14.2, and the calculated apparent reaction order was
0.82. For this material, there was no effect on the apparent activation energy
due to the initial sample size, '
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APPENDIX C. BIOLOGICAL ACTIVITY

Biological activity within TRU waste can be a source of gas generation. Although most TRU wastes lack
sufficient substrate to support biological growth and do not provide an environment conducive to .
biological activity, some wastes that contain soils or other potentially biologically contaminated materials
need to be evaluated for their potential to generate gases. The primary concern is the possible release of
gases from biological systems within the waste that may cause an increase in containment vessel
flammable gas concentration. '

Growth of biological systems results when viable organisms utilize nutrients in the medium in which
they are contained to sustain growth (Characklis 1988). Not all organic compounds are equally
susceptible to microbial decomposition; the fraction that provides energy and carbon for bacterial growth
has been called labile dissolved organic carbon (Wetzel and Manny 1972; Ogura 1975), biodegradable
organic carbon (Joret et al. 1988), or assimilable organic carbon (Van der Kooij et al.. 1982). Some forms
of TRU waste and many of the packaging materials inside the containment vessel (plastics) are organic
materials. The potential for microbial activity may exist if there is a suitable environment for the
degradation of the organic substrates. Factors other than nutrients that influence growth or regrowth of
bacteria in transportation packages include temperature (Fransolet et al. 1985), residence time in
packaging (Maul 1985), and the efficacy of disinfecting techniques (Le Chevallier et al. 1988).

Many types of microorganisms should be considered in the degradation of TRU waste. Aerobic
microorganisms, which produce carbon dioxide and water, require oxygen for growth. Aerobic organisms
do not generate any flammable gases; any increase in pressure due to the carbon dioxide and water
generated is somewhat offset by the oxygen consumed, especially if the conditions permit condensation
of the water vapor. Anaerobic microorganisms, which can produce carbon dioxide, hydrogen, methane,
and other products, degrade materials in oxygen-free environments (Hartel and Buckel 1996; Wang et al.
1971; Rowbottom 1993; Nakamura et al 1993; Kalia and Joshi 1995). Anaerobic microorganisms include
facultative anaerobics, which can live with or without oxygen, and obligate anaerobics, which cannot
tolerate any oxygen. Microorganisms most likely to be found in TRU waste products include bacteria and
fungi. Bacteria utilize only the surface of the materials, whereas fungi can access the matrix of the
material and are generally found in aerobic environments.

- Of the various waste forms in TRU waste, only cellulosic materials are generally important in terms of
the potential for gas generation via biological-induced degradation. Rubber or plastic materials are more
resistant to microbial actions. The contribution of these compounds to the total gas generation will be
negligible because of their inert nature. Sampling programs, where drums of TRU waste (in retrievable
storage up to 15 years) were opened and examined for degradation, found little or no degradation of the
packaging materials (NRC Docket No. 71-9218, Aug. 11, 1999). Even under conditions designed to
promote microbial proliferation, rubber and plastic degrade very slowly, if at all. Similarly, solidified
inorganic sludges, which have high alkalinity (pH=10-12) that is hostile for most common
microorganisms, should not exhibit any significant microbial gas generation.

Examples of cellulosic materials that could be present in TRU waste are cotton and paper products.
Biodegredation of cellulose, which is a polymer composed of chains of glucose monomers, requires
hydrolysis of the polymer into monomer units. Biological depolymerization is a slow process. Wood is
also present in TRU waste, but degrades at a much slower rate than cellulose alone because of the
microbial-resistance of the lignin in wood. Since bacterial action is a strong function of surface area and
substrate availability, TRU waste is typically not very conducive to high microbial activity as a result of
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APPENDIX D. RADIOLYTIC G-VALUES FOR VARIOUS MATERIALS

D.1 Radiolysis of Water

The radiolysis of water has beea studied more than that of any other compound. Using pulse radiolysis
techniques, it has been shown (Sullivan 1983) that the primary decomposition products of pure water
about 10-9 seconds after the irradiation pulse from a $0Co gamma source are: H;O — H+ o, OH, €4, H,
H,0,, H,, and OH-. The amounts of these products per 100 eV absorbed (Gy, values) are respectively 2.9,
2.75, 2.65, 0.65, 0.70, 0.45, and 0.25. Many of the water radiolysis decomposition products are reactive
radicals and excited species (e.g., €4 is a strong reducing agent, and OH- is a strong oxidizing agent) that
undergo further reaction with each other and with the water molecules to give the final products. The G
values may vary slightly with energy and type of hradiation particle over a wide range of particles and
energies (Sullivan 1983).

Experimental results for the radlolysxs of water at room temperature show that G(H,) for water varies
from 0.4 to 1.7 and that the bounding G(H_) for water subject to alpha radiation is 1.6. Representative
results from studies on hydrogen generation from the radiolysis of water at room temperature are
presented in Table D.1.

D.2 Radiolysis of Unsubstituted Hydrocarbons

D.2.1 Saturated Hydrocarbons

Saturated hydrocarbons contain only hydrogen and carbon atoms and single carbon-carbon bonds. As a
group, saturated hydrocarbons include most common petroleum fuels, such as methane, propane, and
octane. From experimental results on the radiolysis of saturated hydrocarbons, the bounding G(H_) value
is 5.6 for saturated hydrocarbons in the liquid phase at room temperature in which the activity is due to
alpha decay. Table D.2 lists experimental G values for saturated hydrocarbons irradiated at room
temperature in vacuum. The radiolytic G values preseated include G(Hz), G(CHy), and G(gas).

Some general observations have been noted concerning the radiolytic products from saturated
hydrocarbons (Newton 1963). Normal saturated hydrocarbons yield principally hydrogen, with methane
being produced only from the methyl end groups. Therefore, for normal hydrocarbons, the ratio of
hydrogen to methane increases with increasing molecular weight. With branched-chain hydrocarbons,
relatively more methane is produced, and the yield of methane increases with the number of methyl
groups on the hydrocarbon chain. An activation energy for the G(H;) value for radiolysis of liquid
neopentane and n-hexane, which is the energy required to initiate the reaction and is useful for calculating
the temperature-dependence of the G-value, was measured to be approximately 3 kcal/mole (Hall 1963).

D.2.2 Unsaturated Hydrocarbons

Unsaturated hydrocarbons are hydrocarbons that have at least one double or triple carbon-carbon bond.
Examples include acetylene, ethylene, 1-hexene, and cyclohexene. In general, for a given number of
carbon atoms, unsaturated hydrocarbons exhibit lower radiolytic G-values than the corresponding
saturated hydrocarbons. Table D.3 lists radiolytic G values for several unsaturated hydrocarbons
irradiated in vacuum at room temperature.
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D.3.4 Carboxylic Acids

Carboxylic acids contain the carboxyl group attached to either an alkyl group (RCOOH) or an aryl group
(ArCOOH), with respective structures:

R-C=0 Ar-C=0
/ /
OH OH

Table D.5 lists experimental radiolytic G values for two carboxylic acids that are liquids at room
temperature.

D.3.5 Esters

Esters are functional derivatives of carboxylic acids in which the -OH of the carboxyl group is replaced
by -OR’. (Phosphate esters are discussed separately.) The emulsifier for Envirostone, a gypsum-based
material used to solidify organic and low pH aqueous sludges and liquid waste, has been identified as a
polyethyl glycol ester. In addition, many plasticizers added to polymers to form commercial plastics are
esters. Table D.5 presents experimental G-values for many esters. Benzyl acetate contains a benzene ring
and has a much lower G(H;) value than the other esters.

D.3.6 Phosphate Esters
Phosphate esters have one of the following structures (Morrison and Boyd 1973):

o} o o
/ / /
HO-P-OH RO-P-OH ° RO-P-OR
/ /o /
OR OR OR

Tricresyl phosphate contains three benzene rings and has a much lower G(H3) value than either trioctyl or
tributyl phosphate. '

Tri-n-butyl phosphate (TBP), an organic ester of phosphoric acid, is used as an extractant in the
reprocessing of nuclear fuel. Radiolysis experiments have been conducted to determine the
decomposition products of TBP in different phases of the extraction system. The purex process uses a
solution of TBP in dodecane (Ladrielle et al. 1983). Experiments were conducted using both gamma and
alpha radiolysis of TBP and solutions of TBP in dodecane. The average alpha particle energy used in the
radiolysis experiments was estimated to be 10.5 MeV (alpha particles from a cyclotron). Radiolysis of
pure TBP resulted in the formation of mono and dibutylphosphate, butanol, and saturated hydrocarbons
(hydrocarbon chains from 5 to 11 carbon atoms long). Radiolysis of pure decane yielded saturated
hydrocarbons. Holland (1978) performed gamma radiolysis experiments on TBP, dodecane, and mixtures
of TBP and dodecane. The values of G(H;)=6.7 and G(CH,4)=0.05 were determined for dodecane.
Corresponding G values for pure TBP were G(H2)=2.0 and G(CH,)=0.3. Radiolysis of mixtures of TBP
and dodecane were found to yield less hydrogen than would be predicted by the mixture law, but the -
yield of acid was greater than that predicted by the mixture law.

Aromatic hydrocarbons, such as benzene, toluene, and cyclohexene protect TBP from radiolysis, while
saturated hydrocarbons such as hexane, cyclohexane, and dodecane sensitize TBP to radiolytic
degradation (Barney and Bouse 1977). Carbon tetrachloride has also been found to sensitize TBP
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the Rocky Flats Plant; (2) vacuum pump oil (DuoSeal); and (3) Rykon lubricating grease. A summary of
the results of these radiolysis studies is provided in Table D.8.

D.7 Radiolysis of Polymers

Polymers, including polyethylene, PVC, and cellulose, are common organic solids found in TRU wastes.
Other solids, such as solidified organic liquids, aqueous sludges, and bitumen are discussed in Section
D.$8. The controlling factor in the behavior of polymers under irradiation, as under most other
environmental influences, is the chemical structure. This section provides both general information
concerning the relative radiation resistance of polymers and experimental radiolysis results on various
polymers. Generalized reasonable bounding values are then determined for classes of polymers based on
functional groups.

Radiolysis of polymers generally results in two types of reactions: chain scission and crosslinking. Chain
scission (degradation) is the term used for breaking of main-chain bonds.in polymer molecules, which
results in the formation of species of lower molecular weight. When scission of the polymer is
predominate, structural strength and plasticity are rapidly lost. The polymer may eventually crumble to a
powder. Crosslinking results in insoluble and infusible network structures because of increased molecular
weight and size. Generally, competition occurs between the two reaction mechanisms,

Additives can be used to improve the aging properties of polymers subject to radiation. Commercial
plastics and paper contain additives that modify the properties of the base polymer in the material. The -
additives generally improve the radiation stability of the commercial materials and reduce G values for
flammable gases. Organic additives can be subdivided into two categories: energy-sink materials, and
chemical reactants. Energy sink materials are characterized by having aromatic characteristics and
correspondingly low G values.

In the absence of oxygen, polymers can be divided into classes according to their tendency to degrade or
crosslink. Polymers that predominantly crosslink when exposed to radiation have the following radiation
resistance according to their functional groups and structure: aromatic > unsaturated > saturated. The
radiation resistance of polymers that are borderline between crosslinking and scission generally follows:
S-in main chain > aromatic > ester > halogen > saturated. For polymer that predominantly scission when
exposed to radiation the radiation resistance ordering is: aromatic>ester>alcohol>halogen>saturated.
Oxygen enhances the degradation of most polymers. Table D.9 summarizes some common polymers in
order of their decreasing resistance when irradiated to net molecular-weight change for polymers that
predominantly crosslink, are borderline between crosslinking and scission, or that predominantly undergo
scission.

Polymers that are less radiation resistant tend to generate more flammable gas from radiolysis. Materials
that have relatively high radiolytically-generated flammable gas production rates (i.e., G(flam gas)=5 — 7)
include saturated hydrocarbons and polymers containing alcohol or ether functional groups. Materials
that have moderate radiolytically-generated flammable gas production rates (i.e., G(flam gas)=2 - 3)
include unsaturated hydrocarbons and polymers containing ester functionial groups. Materials that have
relatively low radiolytically-generated flammable gas production rates (i.e., G(flam gas)<1) include
polymers with aromatic characteristics. A summary of the influence of chemical structure on flammable
gas production rates is given in Table D.10. A summary of the maximum G values observed for polymers
containing only carbon, hydrogen, nitrogen, oxygen and halogens are listed in Table D.11. Relative
G(gas) values for some miscellaneous commercial plastics are presented in Table D.12.
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D.7.6 Cellulose

TRU waste may contain many different types of cellulose such as cotton cellulose, sulfite cellulose,
wood cellulose, and they may have a wide range of crystallinity. In addition, many materials are made of
or contain cellulose, such as paper, cloth, wood, Benelex, cellophane, cellulose acetate (rayon, molded
items, paints, coatings), and ethyl cellulose (paints, molded items). Radiolysis experiments have been
performed on many types of cellulose and on the various cellulose-containing products using gamma
radiation, electrons, and alpha particles (Kosiewicz 1981; Zerwekh 1979; Ershov et al. 1986; Arthur
1970; Dalton et al. 1963). Based on the available experimental data, extremely conservative bounding G
values for cellulose and cellulose products are estimated to be G(H2)=3.2, G(flam gas)=3.2, and
G(gas)=10.2. If sulfite cellulose and cotton cellulose are not present in the waste, reasonable bounding G
values are estimated as G(H,)=1.4 and G(flam gas)=1.4, and G(net gas)= 6.2.

D.7.7 Urea-Formaldehyde

Urea-formaldehyde is a possible solidification medium for nuclear power reactor wastes. Although
strongly dose dependent, the G values for doses corresponding to those seen in TRU waste packages
during transportation are G(H,)=2.4, G(flam gas)=2.4, and G(net gas)=2.8.

D.7.8 Polyoxymethylene

A few authors have reported radiolysis results for polyoxymethylene (Krasnansky et al. 1961; Dole 1973;
Sobashima et al. 1959; Nitta 1961). The radiolysis gases typically included about 15% H,, 67% CO,, 1%
CO, 10% CH,, 1% methyl formate, 2% methyl ether, and 3% other gases (all volume percent). At room
temperature, the bounding radiolytic G values are estimated as G(Hz)=2.1, G(flam gas)=5.6, and G(net
gas)y<=14.1.

D.7.9 Polypropylene Oxide

It has been determined (Geymer 1973) that polypropylene oxide is more susceptible to degradation under
irradiation than polypropylene, and yields less hydrogen. The bounding G values for polypropylene oxide
are G(H3)=1.0, G(flam gas)=1.1, and G(net gas)<1.4. the boundmg G values for polypropylene are

G(Hz)=1.1, G(flam gas)=1.2, and G(net gas)<1.6.
D.7.10 Polyvinyl Formal

From irradiation experiments in a graphite reactor, the G(gas) value for polyvinyl formal was found to be
1.4 times the value measured for polyethylene (NRC Docket No. 71-9218, Aug. 11, 1999).

D.7.11 Polybutadiene and Polyisoprene

Latex is the commercial name for polybutadiene and polyisoprene. The bounding G vales for Latex are
estimated as G(H2)=0.7, G(flam gas)=0 9 and G(net gas)=0.9 (Kazanjian 1976; Zerwekh 1979; Bohm
1973).

D.7.12 Polymethyl Methacrylate (PMMA)

The main volatile products from the alpha radiolysis of PMMA are H,, CO,, CO, CH,, propane and
methyl methacrylate monomer (Kazanjian 1976; Zerwekh 1979; Chapiro 1962; Busfield et al. 1982; Bolt
and Carroll 1963). Reasonable bounding G values for the radiolysis of PMMA are estimated as
G(H2)=0.4, G(flam gas)=2.0, and G(net gas)=4.1.

81




Appendix D

D.7.19 Polychloroprene

Neoprene rubber is composed of polychloroprene. Many gamma-radiolysis results of polychloroprene
have been reported in the literature. The main gaseous products from the radiolysis of polychloroprene
are H,, HCl, CO, CO,, and other miscellaneous short-chain hydrocarbons. The bounding radiolytic G
values are estimated as G(H,)=G(flam gas)=0.1 and G(net gas)=0.7. The reasonable bounding G(HC]) for
the radiolysis of polychloroprene is estimated as 0.06.

D.7.20 Chlorosulfonated Polyethylene

Hapalon ® gloves are composed of chlorosulfonated polyethylene. In addition lead oxide is often
incorporated into the gloves to provide gamma shielding. Radiolysis experiments on commercial
Hapalon ® indicate that the bounding G values are G(H)=G(flam gas)=0.3 and G(net gas)=0.6
(Kosiewicz 1981; Kazanjian 1976; Zerwekh 1979; Arakawa 1986).

D.7.21 Polytetrafluoroethylene (PTFE) and Polychiorotrifluoroethylene

Since both Polytetrafluoroethylene and Polychlorotrifluoroethylene contain no hydrogen in their base
polymers, G(H;) and G(flam gas) for these materials is zero. Almost all the radiolysis gases produced by
these compounds is CO;. The bounding G(net gas) value found was 1.1 (NRC Docket No. 71-9218, Aug.
11, 1999). ,

D.7.22 Polyamides

Polyamides are a class of compounds that include such commercial products as Nylon and Nomex.
G values for polyamides can be bounded with G(H2)=1.1, G(flam gas)=1.2, and G(net gas)=1.5
(Krasnansky et al. 1961; Dole 1983; Zimmerman 1973). '

D.7.23 Ion-Exchange Resins

The G values for synthetic organic resins, which comprise the vast majority of ion-exchange resins,
depend on the resin and the ionic form of the resin (Pillay 1986). Of the many ion-exchange resins
investigated, the bounding G values were found to be G(H2)=G(flam gas)=1.7 and G(net gas)=2.1. Most
G values for ion-exchange resins were much lower than the bounding values indicated. If an ion-
exchange resin is to compose a major portion of a waste shipment, détermining the relevant G values for
that particular material may be useful.

D.8 Radiolysis of Non-Polymer Solids

Non-polymer solids include solidified liquid wastes, solid organic acids, asphalt, and miscellaneous
inorganic solids.

D.8.1 Radiolysis of Solidified Liquid Wastes

Solidified liquid wastes include sludges, concretes, and gel-like or monolithic structures that bond liquid
wastes so that free liquids are minimized.

D.8.1.1 Aqueous Sludges

Radiolysis experiments have been conducted (Kazanjian and Killion 1981) on a common sludge
produced at the Rocky Flats Plant to determine the radiolytic gas yields as a function of water content
and nitrate content. This sludge was produced by the neutralization of nitric acid solutions in the ’
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Table D.1 Radiolytic G(H,) Values for Water at 298 K

Phase G(Hz) Comments References

gas 0.5 gamma, electron Spinks and Woods 1976

liquid 0.4 gamma, electron, pH=0.5 Spinks and Woods 1976; Butns and Sims
1981

liquid 045 gamma, electron, pH=3-13 Spinks and Woods 1976; Burns and Sims
1981

liquid 1.1 6.4 MeV He++ Burns and Sims 1981

liquid 13 Cm-244 alpha (5.8 MeV) Bibler 1974

ligunid 1.6 5.3 MeV alpha (Po), pH=0.5 Spinks and Woods 1976

liquid 1.7 Cf-252 alpha, beta, fission frags, 0.4M Bibler 1975

H,S80,4
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dose rates, the G(Hy) values reported were 4.5 for octane and 2.0 for vacuum pump oil. The radiolysis
gases were predominantly hydrogen and had the nominal ratio Ho/CO,/CHy = 1.0/0.03/0.01.

Studies of water adsorbed onto inorganic oxides (SiO;, SiO;-Al, Si0,-Ca, Er;04, La;0s, and Al,03)
subject to gamma radiation indicate that energy transfer can occur from the oxide to the water molecules
(Garibov 1983). Values of G(H;) measure indicate that the energy transferred from the oxide to the
absorbed water can be 3-5 times the energy originally absorbed by the water (based on its mass fraction).
For water-inorganic oxide systems, an increase in temperature led to a decrease in G(H,), which was
attributed to a greater desorption rate of water molecules from the oxide surface at the higher
temperatures and the correspondmg decrease i in effective energy transfer from the oxide to the absorbed
water molecules.

D.8.2 Radiolysis of Solid Organic Acids

G(H3) values for some organic acids that are solid at room temperature have been reported in the range
from 1.2 to 2.3 (Bolt and Carroll 1963). G(gas) values for the same materials range from 1.8 to 4.1, The
maximum G value for flammable gas was 2.6. A value of G(CO,) of 14 has been reported for one of the
organic acids (isobutyric acid) (Spinks and Woods 1976).

D.8.3 Radiolysis of Asphalt

A value of G(gas) for bitumen (asphalt) for low absorbed dose was estimated to be 1.3, with hydrogen
being the primary gas evolved (Kosiewicz 1980). No dependence on temperature was observed from 20
to 70°C. Gamma radiolysis experiments reported by Burnay (1987) measured lower G valuw.

D.8.4 Radiolysis of Soil

Gas evolved from plutonium-contaminated soil has been reported (Pajunen 1977). The soil was removed
from the Z-9 trench at the Hanford site, which had been used as a liquid waste disposal site for the
Plutonium Finishing Plant. The waste solutions deposited in the trench were acidic and consisted of (1)
aluminum, magnesium, calcium, and other metal nitrate salt wastes, (2) degraded solveats (15% tributyl
phosphate or dibutyl phosphate in CCly), and (3) other organics, such as solvent washings, fabrication
oil, and other waste materials from hood and equipment flushings (Ludowise 1978). The top 30 cm of

- soil was sampled from the trench. The soil moisture content ranged between 0.2 and 25.5 wt. %,
averaging approximately 5 wt. %. Organic content averaged 7.1 wt. % with a range of 0.2 to 46.4 wt. %.
The highest value of G(gas) calculated from Pajunen’s data was 1.6, for a soil having a combined organic
and moisture content of about 15 wt. %. The typical composition of the gas generated by the soils was
50% Na, 14% O,, 23% H,, and 13% CO, (percents for gases are volumetric).

Soil samples from Mound Laboratory property were contaminated with plutonium dioxide (particles
averaging ~ 20 um) and analyzed for radiolytic gas generation. Gas generation was measured from a soil
sample that contained about 5 wt. % water. The G(gas) value was 0.22, with G(H;)=0.15 and
G(CO2)=0.07. Oxygen was consumed, with G(-02)=0.10 (NRC Docket No. 71-9218, Aug. 11, 1999).

D.8.5 Radiolysis of Dry, Solid Inorganic Materials

Dry, solid inorganic materials do not generate hydrogen but may produce other gases (frequently
oxygen).

Some common inorganic chemicals used in processing aqueous wastes include ferric sulfate, calcium
chloride, and magnesium sulfate. A treatment process has been identified (Kazanjian and Killion 1981)
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that produces a precipitate of hydrated oxides of iron, magnesium, aluminum, silicon, etc. In addition,
various nitrates and carbonates can be present in dry solid inorganic materials,

For stoichiometric decomposition of nitrates, a value of G(O;) should be one-half of the GINO,-) value.
A value of G(02)<1.3 has been determined (Johnson 1970). G values measured for gamma radiolysis of
barium, potassium, and sodium chlorates had G(Cl-)<1.8 and G(02)<4.0.

For alkali and alkaline earth perchlorates, values of G(Cl-)<1.1 and G(O2)<5.3 were measured. Neither
ozone nor free chlorine were detected in radiolytic gas generation measurements on dry solid inorganic
materials.

D.9 Radiolysis of Gases

Radiolysis of the nitrogen/oxygen mixture found in air produces a small amount of ozone, as well as
oxides of nitrogen (Spinks and Woods 1976). In a closed system, back reactions Iead to an equilibrium
concentration of these gases of a few ppm for ozone to a few percent for NO; and N>O. The NO yields -
are much smaller (Kazanjian and Brown 1969). When moisture is present, the main product is nitric acid,
which is formed until the water vapor is exhausted (Spinks and Woods 1976; Kazanjian and Brown
1969). G values for nitric acid formation are about 1.0, but vary with water concentration (Kazanjian and
Brown 1969).

Gaseous carbon dioxide is almost unaffected by ionizing radiation (Spinks and Woods 1976), possibly
due to a back reaction between CO ozone to form CO, and O,.
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Table D.1 Radiolytic G(H,) Values for Water at 298 K

Phase G(Hz) Comments References

gas 0.5 gamma, electron Spinks and Woods 1976

liquid 04 gamma, electron, pH=0.5 Spinks and Woods 1976; Bums and Sims
1981

liquid 045 gamma, electron, pH=3-13 Spinks and Woods 1976; Burns and Sims
1981

liquid 1.1 6.4 MeV He++ Bums and Sims 1981

liquid 1.3 Cm-244 alpha (5.8 MeV) Bibler 1974

liquid 1.6 5.3 MeV alpha (Po), pH=0.5  Spinks and Woods 1976

liquid 1.7 Cf-252 alpha, beta, fission frags, 0.4M Bibler 1975

H,50,
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Table D.2 Radiolytic G Values for Saturated Hydrocarbons at 298 K

Experimental
Compound Phase G(H;) G(CHy) G(gas) Conditions References
propane gas 8.2 04 NA alpha, vacuum Spinks and Woods 1976
n-butane gas 9 1.2 NA alpha, vacuum Spinks and Woods 1976
isobutane gas 7.4 2.7 NA alpha, vacuum Spinks and Woods 1976
pentane gas 7.3 0.8 NA alpha, vacuum Spinks and Woods 1976
neopentane gas 2 2 NA alpha, vacuum Spinks and Woods 1976
hexane gas 5.6 0.8 NA alpba, vacuum Spinks and Woods 1976
pentane liquid 42 04 NA electron, vacuum  Spinks and Woods 1976
" liquid 42 0.2 54 electron, vacuum  Hall 1963
hexane liquid 5 0.2 52 clectron, vacbum  Spinks and Woods 1976
- liquid 5 0.1 7.2 electron, vacuum  Hall 1963
cyclohexane liquid 5.6 0.1 5.7 electron, vacuum  Spinks and Woods 1976
- Liquid 5.3 0.0 53 alpha, vacuum  Spinks and Woods 1976
- liquid 77 NA NA fission frags, Gaumann 196877
‘ vac.
heptane liquid 4.7 0.1 NA electron, vacuum  Spinks and Woods 1976
octane lignid 4.8 0.1 NA electron, vacuum  Spinks and Woods 1976
" liquid 4.6 0.1 NA gamma, air Bibler and Orebaugh
1978
" liquid 42 NA NA alpha, air Bibler and Orebaugh
‘ 1978
nonane liquid 5 0.1 NA electron, vacuum  Spinks and Woods 1976;
Bibler and Orebaugh
1978
decane liquid 5.2 0.1 NA electron, vacuum  Spinks and Woods 1976
docedane liquid 49 0.1 NA electron, vacuum  Spinks and Woods 1976
hexadecane liquid © 4.8 0.0 NA electron, vacuum  Spinks and Woods 1976
2-methylpentane liquid 4.0 0.5 NA electron, vacuum  Spinks and Woods 1976
2,2-dimethyl- liquid 2.0 12 NA electron, vacuum  Spinks and Woods 1976
butane
neopentane liquid 1.6 37 5.6 gamma, vacuum  Hall 1963
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Table D.3 Radiolytic G Values for Unsaturated Hydrocarbons at 298 K

Experimental
Compound Phase GH;) G(CHyY) G(gas) Conditions References
ethylene gas 12 01 28  clectron, vacuum  Hall 1963
cyclohexene  liquid 13 0.0 13 gamma, vacuum Spinks and Woods
1976
" liquid 3.0 0.0 3.0 alpha, vacoum Spinks and Woods
1976
1-hexene liquid 0.8 0.0 0.8 electron, vacuum  Hall 1963
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Table D.4 Radiolytic G Values for Common Aromatic Hydrocarbons at 298 K

_ Experimental
Compound Phase G(H;) G(CHy) G(gas) Conditions References
benzene Yiquid 0.6 0.0 0.8 alpha, vacuum Spinks and Woods 1976
" liquid <0.1 <0.1 <0.1 gamma, vacoum  Spinks and Woods 1976
- liguid <0.1 <0.1 <0.1 electron, vacoum  IEEE S-146 1963
toluene liquid 0.6 0.0 0.6 alpha, vacuum Spinks and Woods 1976
" liquid 0.1 <0.1 0.1 gamma, vacoum  Spinks and Woods 1976
- liquid 0.1 <0.1 0.1 electron, vacoum Hall 1963
p-xylene liquid 02 0.0 0.2 gamma, vacoum  Spinks and Woods 1976
ethyl benzene  liquid 02 <0.1 02 electron, vacoum Ili;él31963; IEEE S-146
" liquid 0.2 <0.1 02 gamma, vacoum  Spinks and Woods 1976
" liquid 0.2 <0.1 0.2 reactor, vacnum  Hall 1963 v
isopropyl liquid 02 0.1 0.3 gamma, vacaum  Spinks and Woods 1976
benzene
" liquid 0.2 0.1 0.3 electron, vacuum  Hall 1963; IEEE S-146

1963

" liquid 03 0.1 04  alpha,vacoum  IEEE S-146 1963
" liquid 0.2 0.1 03 reactor, vacuum  Hall'1963
tert-butyl liquid 0.1 0.1 0.2 electron, vacuum . Hall 1963; IEEE S-146
benzene 1963
" liguid 0.2 <0.1 0.2 reactor, vacuum  Hall 1963
mesitylene liquid 0.2 <0.1 0.2 electron, vacuumm Newton 1963
biphenyl liquid NA NA <01 electron, vacuum Hall 1963
“ liquid NA NA 0.1 reactor, vacuum  Hall 1963
p-terphenyl liquid <0.1 <0.1 <0.1 electron, vacuum  Hall 1963
“ liquid <0.1 <01 <0.1 reactor, vacuum  Hall 1963
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Table D.5a Radlolyfic G Values for Various Oxygenated Compounds at 298 K

Experimental
Compound Phase G@Hy) G(CO) G(CHyY G(gas) Conditions References
Alcohols:
methanol gas 10.8 1.0 03 12.1 gamma, vacuum  Spinks and Woods
1976
cthanol gas 10.8 12 0.9 129 electron, vacuum  Spinks and Woods
1976
methanol liquid 54 0.1 0.7 6.2 gamma, vachum  Spinks and Woods
: 1976
“ liquid 35 02 04 4.5 alpha, vacuum IEEE $-146 1963
“ liquid 4.0 02 0.2 44 gamma, vacuum  Hall 1963
ethanol liquid 5.0 0.1 0.6 5.7 gamma, vacuum  Spinks and Woods
1976
“ liquid 35 0.1 04 4.5 alpha, vacuum IEEE S-146 1963
“ liquid 4.1 0.1 04 4.6 alpha, vacuum Hall 1963
1-propanol liquid 44 4.4 gamma, vacuum  Spinks and Woods
1976
“ liquid 2.8 0.1 0.1 3.0 alpha, vacuum Hall 1963
2-propanol liquid 3.7 15 52 gamma, vacuum  Spinks and Woods
1976
n-propanol liquid 28 0.1 39 alpba, vacuum IEEE S-146 1963
1-butanol liquid 4.6 4.6 gamma, vacuum  Spinks and Woods
1976
- liquid 36 0.1 0.1 43 alpha, vacuum Hall 1963
t-butanol liquid 1.0 36 46 gamma, vacuum  Spinks and Woods
. 1976
n-butanol liquid - 3.6 0.1 43 alpha, vacuum IEEE S-146 1963
1-octanol liquid 3.5 0.1 <0.1 3.7 alpha, vacuum Hall 1963 '
1-decanol liquid 3.5 <0.1 <01 3.6 alpha, vacuum Hall 1963
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Table D.Sb Radiolytic G Values for Various Oxygenated Compounds at 298 K

Experimental

Compound Phase G(Hs) G(CO) G(CHy) G(gas) Conditions References

Ethers:

cthyl ether liquid 34 NA 0.4 38 gamma, vacuum fg"n;ks and Woods

“ liquid 36 0.1 02 39 alphba, vacoum Hall 1963

ethyl n-butyl liquid 33 0.1 0.1 35 alpha, vacoum Hall 1963

ether

dibutyl ether liquid 29 NA 0.1 3.0 gamma, vacuum ?g;x;ks and Woods

n-butyl ether liquid 2.7 0.1 0.1 29  alphavacoum  Hall 1963

ethyl tertbutyl liquid 20 0.1 0.8 29 alpha, vacoum Hall 1963

ether

isopropy! ether liquid 22 <0.1 1.5 8.4 gamma, vacoum  Newton 1963

“ liquid 24 0.1 0.9 58 alpha, vacoum Newton 1963

d—isopropyl liquid 24 NA 1.7 4.1 gamma, vacuum  Spinks and Woods

cther 1976

dioxan liquid 21 0.3 NA 24 gamma, vacuum ?gmks and Woods

: . 76

tetrahydrofuran liquid 26 NA NA 26 Gamma, vacuum fg_x;éks and Woods

Aldehydes &

Ketones:

propion-aldehyde  liquid 12 1.6 0.1 44 clectron, vacuum  Hall 1963

acetone liquid 0.96 0.56 1.76 3.62 60-Co-gamma fguéks and Woods

7

“ liquid 147 08 0.97 38 69MeVHeions Spinks and Woods
1976

“ liquid 2.36 1.05 0.99 5.17 67MeV C-ions  Spinks and Woods

1976

“ liquid 271 1.22 0.96 5.77  65.7MeV Nions Spinks and Woods
1976

“ liquid 1.0 0.6 1.8 3.6 gamma, vacuum  Spinks and Woods
1976

“ liquid 1.5 0.8 1.0 3.9 alpha, vacuum Spinks and Woods
1976

“ liquid 0.9 0.8 2.6 4.8 gamma, vacuum  Hall 1963

methyl ethyl liguid 1.2 0.8 0.9 6.8 gamma, vacuum  Hall 1963

ketone

‘diethyl ketone liquid 1.2 1.5 0.1 7.7 gamma, vacuum  Hall 1963
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Table D.5c Radiolytic G Values for Various Oxygenated Compounds at 298 K

Experimental

Compound Phase G G(CO) G(CHyY) G(gas) Conditions References

Carboxylic Acids:

acetic acid liquid 0.5 0.2 39 10.5 gamma, vacuum Sginks and Woods
1976

" liquid 0.5 04 14 7.2 alpha, vacuum Spinks and Woods
1976

propionic acid liquid 0.8 0.3 0.5 55 alpha, vacuum Hall 1963

Esters:

methyl acetate liquid 0.8 1.6 20 57 gamma, vacoum Sg;nks and Woods
1976

" liquid 0.9 1.6 21 5.6 gamma, vacuum  Hall 1963

" liquid 0.6 12 0.8 34 electron, vacuum Hall 1963

ethyl acetate liquid 0.9 1.1 1.6 3.6 gamma, vacuum  Hall 1963

isopropyl acetate  liquid 0.9 1.2 0.9 56 alpha, vacuum Hall 1963

" liquid 0.5 0.8 1.0 36 electron, vacuum Hall 1963

n-propyl acetate liquid 0.8 11 04 4.0 electron, vacuum  Hall 1963

benzyl acetate liquid 0.1 0.2 0.8 2.7 clectron, vacuum Hall 1963

di(2-ethyl) bexyl  liquid 1.0 0.3 <0.1 1.8 electron, vacuum IEEE S-146 1963

sebacate

" liguid 1.0 03 <0.1 1.5 gamma, vacuum  Arakawa et al. 1983

di(2-ethyl- hexyl) liquid 0.9 0.5 <0.1 1.7 gamma, vacuum  Arakawa et al. 1983

adipate T

pentacrythritol liquid 0.8 0.8 <0.1 19 gamma, vacuum  Arakawa et al. 1983

ester

Phosphate Esters:

tricresyl liquid 005 <0.1 <0.1 0.06  gamma, vacoum Arakawa et al. 1983

phosphate

tributyl phosphate  liquid 2.0 NA 0.3 23 gamma Holland et al. 1978
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Table D.6 Radiolytic G Values for Halogenated Hydrocarbons at 298 K

Experimental

Compound Phase G(Hy) GHQC) G(Fz) G(gas) Conditions References

carbon Liquid 0.7-08 0.7-0.8 NA NA gamma, vacuum  Spinks and Woods

tetrachloride 1976; IEEE S-146
1963

- liquid NA NA NA 8.6 gamma, oxygen  Spinks and Woods
1976

- lignid NA NA NA 0.6 alpha, air Kazanjian 1976

chlorobenzene liquid <«0.1 14 <0.1 14 gamma, vacuum  Spinks and Woods
1976

bromobenzene liquid <0.1 23 02 ° 25 gamma, vacuum Spinks and Woods
1976

idobenzene liquid <«<0.1 <0.1 20 20 gamma, vacuum  Spinks and Woods
1976

111- liquid 0.2 NA NA 0.7 alpha Kazanjian 1976

trichlorocthane

- liquid NA 04 NA NA gamma Getoff and Lutz 1985

Freons liquid NA NA NA 26max gamma Alfassi 1982; Alfassi

. and Heusinger 1983

chloroform liquid NA 5-11 NA NA gamma, vacuum.  Ottolenghi and Stein
1961; Chen et al.
1960

methylene liquid NA 4.9 NA NA ‘gamma, vacuum  IEEE S-146 1963

chloride

trichloroethlyene  liquid NA 025  NA NA  gamma, vacuum Kazanjian and
Horrell 1971;
Kazanjian and Brown
1969

" liquid NA GHY)= NA NA gamma, O, Kazanjian and Brown

4600 1969
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Table D.7 Radiolytic G values for Organic Nitrogen Compounds at 298 K

Experimental
Compound Phase G(Hy G(gas) Conditions References
nitromethane liquid NA 2.0 gamma, vacuum Spinks and Woods
1976
nitrobenzene liquid NA 0.16 gamma, vacuum Spinks and Woods
1976
acetonitrile liquid 0.67 1.52 gamma, vacuum Spinks and Woods
1976
methylamine liquid 54 5.58 gamma, vacuum Spinks and Woods
1976
aniline liquid 0.12 - 041 gamma, vacuum Spinks and Woods
1976
propionamide liquid 0.14 3.67 gamma, vacuum Spinks and Woods
, 1976
pyrrole liquid 0.2 NA gamma, vacuum Spinks and Woods
1976
3-pyrroline liquid 234 NA gamma, vacuum Spinks and Woods
1976
pyrollidine liquid 6.35 NA g£amma, vacuum Spinks and Woods
1976
pyrazole liquid 0.04 0.16 gamma, vacuum Spinks and Woods
1976
tetrazole liquid trace 0.96 gamma, vacuum Spinks and Woods
1976
pyridine liquid 0.025 NA gamma, vacuum Spinks and Woods
1976
pyrimidine liquid 0.03 NA gamma, vacuumn Spinks and Woods
’ ’ 1976
mono-n- liquid 5.6 10.1 gamma, G(HC)=0.5* Mirichi 1981
butylamine G(NH3)=4.0
dibutylamine liquid 3.6 NA gamma, GAHC)=0.5  Mirichi 1981
tri-n-butyl amine  liquid 2.7 NA gamma, GHC)=0.5, Mirichi 1981

note: HC indicates hydrocarbon gases
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Table D.8 Radiolytic G Values for Common Commercial Lubricants at 298 K

Experimental
Lubricant Radiation G Values Conditions References
Silicones gamma G(gas)=2.3; G(H2)=0.6; vacuum Arakawa et al.
G(CHy)=1.4; G(CzHg)»=0.3 1983

Texaco alpha G(gas)=2.9; G(H;)=2.8; air, mixed w/ calcium Kazanjian

Regal-A G(HOC)=0.1 silicate to form paste 1976

motor oil

- gamma G(Hx)=2.3 vacuum; 8.4 Mrad Kazanjian and
Brown 1969

" gamma G(Hp)=1.8 500 torr Oz; 8.4 Mrad  Kazanjian and
Brown 1969

- gamma G(Hp=2.1 500 torr Op; 1.4 Mrad  Kazanjian and
Brown 1969

DuoSeal alpha G(gas)=1.7; G(Hx)=1.6 air; sorbed on Zerwekh 1979

vacuum (Pu-238) vermiculite

pump oil

" alpha G(gas)=2.8; G(H2)=2.7; air Bibler and

(Cm-244) G(CO=0.1 Orebaugh

1978

" gamma G(gas)=2.1; G(H)=2.0; air Bibler and

G(CO,)=0.1 Orebaugh

1978

Rycon gamma G(Hy)=1.0 vacuum & air Kazanjian and

lubricating (Co-60) Brown 1969

grease
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Table D.9 Radiation Resistance of Some Common Polymers at 298 K

(listed in order of decreasing resistance to net molecular-weight change)

Radiation resistance of common polymers that predominately crosslink

Polymer Characteristics
poly(vinyl carbazole) aromatic, N in main chain
polystyrene ~ aromatic
analine-formaldehyde aromatic, N in main chain
nylon N in main chain (amide)
polymethyl acrylate ester

polyacrylonitrile C-N triple bond
styrene-butadiene rubber - aromatic, unsaturated
polybutadiene unsaturated

polyisoprene unsaturated
nitrile-butadiene rubber C-N triple bond, unsaturated
polyethylene oxide ether :
polyvinyl acetate ester

polyvinyl methyl ether ether

polyethylene saturated

silicone saturated

Radiation resistance of common polymers that are borderline between predominant
crosslinking and scission

Polymer Characteristics
polysulfide rubber S in main chain
polyethylene terephthalate aromatic, ester

polyvinyl chloride halogen

polyvinylidene chloride halogen

polypropylene saturated v
Radiation resistance of common polymers that predominately scission
Polymer Characteristics
phenol-formaldehyde aromatic

polymethyl mcmacryléw ester

polyvinyl alcohol alcohol
polytetrafluoroethylene halogen

polyisobutylene saturated

cellulose alcohol/ether
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Table D.10 Expected Relative G{flam gas) Values for Structurally Related Polymers

Containing Only Carbon, Hydrogen, Nitrogen, and Oxygen

High [liquid G(flam gas) = 5 - 7]

hydrocarbon polymers containing only saturated C-C
bonds

Polymers containing alcohol functional groups

Polymers containing ether functional groups

Medium [liquid G(flam gas) =2 - 3]

Hydrocarbon polymers containing unsaturated C-C bonds
Polymers containing ester functional groups

Low [liquid G(flam gas) < 1

Polymers with aromatic characteristics
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Table D.11 Summary of Maximum G Values for Various Classes of Polymers at 298 Ks

Group Polymer G(Hy) G(flam gas) G(net gas)d
Saturated- polyethylene 4.0 4.1 4.1
Hydrocarbons  polypropylene 3.3 34 34
cthylene-propylene c c c
polyisobutylene 1.6 24 24
Alcohols polyvinyl alcohol 3.1 3.1 31
polyethylene glycol 35 3.5 3.5
Ethers cellulose 3.2 32 102
cellulose nitrate d d 6.0¢
" urea formaldebyde 24 2.8 2.8
polyoxymeylene 2.1 5.6 14.1
polypropylene oxide 1.1 d 4
polyvinyl formal d d - 5.6
Unsaturated - polybutadiene 0.5 0.5 0.5
Hydrocarbons polyisoprene 0.7 0.9 0.9
Esters polymethyl methacrylate 0.4 2.0 4.1
polyvinyl acetate 09 14 14
Aromatics polystyrene 0.2 0.2 0.2
polysulfone 0.1 0.1 0.1
polycarbonate <0.1 <0.1 0.9
polyesters 0.3 0.3 <08
polyphenyl methacrylate <0.1 <0.1 13
Halogen - polyvinyl chloride 0.7 0.7 26
Containing polychloroprene 0.1 0.1 0.7
Polymers chlorosulfonated polyethylene 0.3 0.3 0.6
polychlorotriflucroethylene 0 0 1.1
polytetrafluoroethylene 0 0 <03
chlorinated polyether 0.7 0.8 0.8
rubber hydrochloride 0 0 <21
polyvinylidene chloride 0 0 <21
Miscellaneous polyamides 1.1 1.2 1.5
ion exchange resins 17 1.7 21

a Values listed are those most appropriate for TRU waste, i.c., sbove 10 Mrad absorbed dose or for commercial rather than for pure

matetials,

Not reported.

L I - S T -

formal, and G(gas)=A.1 for polyethylene.

G(net gas) is the net G value, and includes depletion of oxygen when applicable.
Values are intermediate between those for polyethylene and those for polypropylene.

Calculated on the basis of G(gas)=[factor]x[G(gas)]s for polyethylene, factor=1.5 for cellulose nitrate and factar=1.4 for polyvinyl
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Table D.12 G(gas) Values for Miscellaneous Commercial Plastics

Material G(gas) Material G(gas)
cellulose nitrate 6.2 melamine formaldehyde w/ 0.3
cellulosic filler
polyvinyl formal 5.7 Selectron 5038 polyester 0.8
polyethylene 4.1 natoral rubber w/ fillers <08
allyl diglycol carbonate 2.6 natural rubber 04
ethyl cellulose 2.1 Thiokol ST 04
methyl methacrylate 2.1 Neoprene <025
cellulose propionate 2.1 casein plastic 02
cellulose acetate 1.6 Mylar ® film 02
butyrate
nylon 1.6 Plaskon alkyd 0.12
phenolics (no fillers) <12 triallyl cyanurate 0.12
urea formaldehyde w/ 12 aniline formaldebyde 0.04
cellulostic filler
Silastic 1.2 furane resin (asbestos & carbon <0.04
filler)
cellulose acetate 1.2 polystyrene <0.04
butyl rubber 1.2 styrene-butadiene copolymer <0.04
natural rubber <12
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Table D.13 Summary of Radiolysis Experiments on Cements at 298 K

Cement Type Source Radiolysis Products / Comments References
high-alumina gamma Steady-state H; pressure was dose dependent, Bibler 1976;
cement (Co-60) O, partially consumed, equilibrium pressure in ~ Bibler 1978
descending order for: Fe;03 cement > neat
cement > Mn(O; cement
high-alumina alpha H; and O, produced, Oz was 20-50% of total Bibler 1978
cement gas, no steady-state pressure up to 200 psi,
G(Hy)avg=0.21
high-alumina gamma No additional pressurization as compared to Bibler 1978
cement w/ NOs- high-alumina cement without the nitrates. At
or NO,- low dose rates (0.09 Mrad/hr) O, was
consumed, and at high dose rates (28 Mrad/hr)
0O, was generated. No steady state pressure was
reached.
Portland gamma G{H)=0.03, hydrogen was the only gas Bibler and
cement/gypsum- produced, steady-state pressure was dose rate Orebaugh
perlite plaster in dependent, O, in air was partially consumed, 1978
ratio 1.7:1.0 with and nitrogen was unaffected
water . .
Portland cement  alpha: G(Hp)=0.6, hydrogen generation was not dose Bibler and
/ gypsum-perlite  (Cm-244) rate dependent, oxygen was partially consumed, Orebaugh
plaster in ratio nitrogen was unaffected, no steady state 1978
1.7:1.0 with pressure was obtained up to 200 psi. '
water
concrete incineratorash ~ With 35% water (by mass) G(H2)=0.38, after Bibler and
drying at 200°C to obtain 7.4% water Orebaugh
G(H,2)=0.0002. Conclusion was that water of 1978
hydration is not nearly as easily degraded as
free water.
cement-based alpba: The simulated waste was acidic and contained  Dole and
grouts simulated metal sulfates and nitrates. The cement was Friedman
current acid low-alumina cement. G(gas)=0.32-0.43. (After 1986
waste samples were dried at an elevated temperature,
no radiolysis gases were evolved.) A portion of
the gas evolved was hydrogen.
cement-based alpha: The simulated waste was acidic and contained  Dole and
grouts simulated metal sulfates and nitrates. The cement was . Friedman
double-shell Iow-alumina cement. G(gas)=0.04-0.15. A 1986
slurry waste portion of the gas evolved was hydrogen.
cement-based gamma: The simulated waste was acidic and contained  Dole and
grouts simulated metal sulfates and nitrates. The cement was Friedman
souble-shell low-alumina cement. G(gas)=0.02. A portion of 1986
slurry waste the gas evolved was hydrogen.
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APPENDIX E. FLAMMABILITY LIMITS
Table E.1 Lower and Upper Flammability Limits for Common Gases and Vapors

Limits In Air (%)
Gas or vapor Lower Higher
Inorganic
Hydrogen 4.1 75
Ammonia 15 28
Hydrazipe 4.7 100
Hydrogen sulfide 43 45
Hydrogen cyanide 6 41
Cyanogen 6 ] 32
" Carbon Disulfide 12 50
Carbon Monoxide 235 100
Hydrocarbons

Methane 5.0 14
Ethane 3.0 12.5
Propane 22 9.5
Butane 1.9 85
Isobutane ' 1.8 84
Pentane ' 14 7.8
Isopentane 14 7.6
2-2 Dimeihylpropane 14 7.5
Hexane 1.2 7.5
Dimethy] butane 1.2 7.0
2-Methy! pentane 1.2 7.0
Heptane 1.1 6.7
2-3 Dimethyl pentane 1.1 6.7
Octane 1.0 -
Iso-octane 1.0 6.0
Methyl cyclohexane ’ 12 -
Ehtyl cyclohexane 0.9 6.6
Nonane 0.8 -
Tetramethyl pentane 0.8 49
Diethyl pentane - 5.7
Decane 0.8 54
Ethylene 3.1 32
Proplyene 24 10.3
Butylene 2.0 9.6
Butene-1 16 9.3
Butene-2 1.8 9.7
Isobutylene 1.8 8.8
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Table E.1. Lower and Upper Flammability Limits for Common Gases and Vapors, continued

Limits in Air (%)
Gas or vapor Lower Higher
b-n-Amylene 15 8.7
Butadiene 2.0 115
Acetylene 25 81
Benzene 14 7.1
Toluene ' .14 6.7
o-Xylene - 6.0
Ethyl benzene s 1.0 -
Styrene - 6.1
Butyl benzene - 58
Naph}halene - 59
Cyclopropane 24 104
Ethyl cyclobutane 1.2 7.7
Ethyl cyclopentane - 6.7
Cyclohexanpe - 8
Alcohols
‘Methyl alcohol 6.7 36
Ethyl] alcobol 33 19
n-Propyl alcohol 21 135
Isopropyl alcohol 2.0 12
n-Butyl alcohol 14 11.2
Amy! alcohol 12 -
Furfuryl alcohol 1.8 16.3
Allyl alcohol 25 18.0
Propylene glycol 2.6 125
Triethylene glycol 09 9.2
Ethers
Methyl ether - 34 18
Ethyl Ether 1.7 48
Ethy! n-propyl ether 1.9 24
Isopropyl ether 1.3 21
Vinyl ether 1.7 28
Ethylene Oxide 3.6 80
Propylene oxide 2.1 215
Dioxane 2.0 22
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Table E.1. Lower and Upper Flammability Limits for Common Gases and Vapors, continued '

Limits in Afr (%)
Gas or vapor Lower Higher
Trioxane 36 29
Acetal 1.6 104
Acid; Anhydride
Acetic Acid 54 -
Acetic anhydride 2.7 10
Phthalic anhydride 1.7 10
Esters
Methyl formate 50 20
Ethyl formate 2.7 135
Butyl formate 1.7 8
Methyl acetate 3.1 16
Ethyl acetate 22 9
Vinyl acetate 26 134
Propyl acetate 1.8 8
Isopropyl acetate 1.8 8
Butyl acetate 14 7.6
Amyl acetate 1.1 -
Methyl cellulose acetate 1.7 82
Methyl propionate 24 13
Ethyl propionate 1.8 11
Methyl lactate 2.2 -
Ethyl lactate 1.5 -
Ethy] nitrate ' 4.0 -
Ethy! nitrite 3.0 -
Phenols
Cresol 11 -
Amines and Imines
Methylamine 49 20.7
Dimethylamine 2.8 ’ 144
Trimethylamine 20 116
Ethylamine 3.5 140
Diethylamine 1.8 10.1
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Table E.1. Lower and Upper Flammability Limits for Common Gases and Vapors, continued

Limits in Alr (%)
Gas or vapor Lower Higher
Triethylamine 12 8.0
Propylamine 20 104
n-Butyl amine 1.7 9.8
Allylamine 22 22
Ethylene imine 36 46
Methyl cellulose 25 19.8
Ethyl cellulose 1.8 14.0
Butyl cellulose 1.1 10.6
Diethyl peroxide 23 -
Aldehydes
Acetaldehyde 4.1 55
Paraldehyde 13 -
Butyraldehyde 25 -
Acrolein 238 31
Croton aldehyde 21 15.5
Furfural 21 -
‘Ketones
Acetone 25 11
Methyl ethyl ketone 1.8 10
Methyl propy! ketone 15 8
Methyl butyl ketone 13 8
Methyl isobutyl ketone 14 7.5
Cyclobexanone 11 -
Isophorone 0.8 38
Other N Compounds
Acrylonitrile 3.0 17
Pyridine 1.8 124
Nicotine 0.7 40
Halogen Derivatives
Methyl chloride 7.6 174
Methyl bromide 135 145
Methylene chloride - -
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Table E.1. Lower and Upper Flammability Limits for Common Gases and Vapors, continued

Limits in Alr (%)
Gas or vapor Lower Higher
Ethyl chloride 3.8 154
Ethyl bromide 6.7 113,
Ethylene dichloride 6.2 16
Vinyl chloride 4.0 22
Dichloroethylene 9.7 12.8
Trichloroethylene - -
Ethylene chlorohydrin 4.9 159
Propyl chioride 2.6 111
Propylene dichloride 34 14.5
Allyl chloride 3.3 11.1
Ally! bromide 44 73
2-Chloropropene 45 16.0
n-Butyl chloride 1.8 10.1
Butyl bromide 52 5.6
Chlorobutene 22 9.3
Isocrotyl chloride 42 19
Isocrotyl bromide 6.4 12
n-Amy] chloride 1.6 8.6
tert.-Amy] chloride 1.5 74
Chlorobenzene 1.3 7.1
Dichlorobenzene 22 92
Miscellaneous ; .

Gasoline 14 7.6
Naphtha 0.8 5
Coal gas 53 32
Kerosine 0.8 ' 5

107



Appendix F

APPENDIX F. SAMPLE PROBLEMS
Example #1: Calculation of hydrogen gas concentration in a single rigid leaking enclosure

Problem: Consider a rigid container holding radioactive waste that is generating hydrogen gas at a rate of
4.2x107 gmol/s. Hydrogen gas escapes the container by diffusion through a small opening in the wall of
the container. It has been determined experimentally that the effective hydrogen release rate through the
opening is 4x10-7 gmol Hy/s-mole fraction. The void volume in the container is 1000 cm3, the temperature
is 298 K, and the pressure is assumed to be 1 atmosphere. Calculate the hydrogen gas mole fraction as a
function of time. How long does it take for the hydrogen mole fraction to reach 0.05 (5 mole percent
hydrogen)? How long does it take to reach 19 volume percent hydrogen?

Solution: For this problem, T=4x10-7 gmol/s and Ry=4.2x10-7 gmol/s. Using the ideal gas law the initial
number of gas moles is: n=(1 atm}(1000 cm3)/(82.05 atm’cm3/gmol-K)(298 K)=4.09x10-2 gmol. Using
Equation 4.12 with these values for T, Ry, and n, the mole fraction of hydrogen as a function of time, X(t),
is:

X(t) =1.05]1 - exp(-9.78x10~1)].
This equation can be rearranged to give the time as a function of the hydrogen mole fraction:

—1f1-X®
s LT

9.78x107

From this equation it is determined that the hydrogen mole fraction reaches 0.05 after 4988.8 seconds
(~83.1 minutes), and the hydrogen mole fraction reaches 0.19 (19 volume percent) after 2.04x104 seconds
(~5.67 hours).

Example #2: Single semi-open rigid container w/ contents undergoing radiolysis

Problem: Consider a semi-open rigid container with a void volume of 1000 cm3 that contains material
which radiolytically generates gases. The G(net gas) value is-1.5 molecules/100 eV, the G(flam gas) value
is 0.7 molecules/100eV, and the decay heat absorbed by the material radiolytically generating gas is 2 W.
Assume that the container initially has no flammable gas, that the temperature is steady at 313 K, and that
the pressure outside the container is 1.0 atmosphere. Determine an equation describing the hydrogen mole
fraction as a function of time. What is the steady-state hydrogen mole fraction? How long does it take for
the hydrogen mole fraction in the container to reach 0.05 (5 volume percent hydrogen)?

Solution: The molar rate of radiolytically generated gas is determined from Equation 4.6:
Vs I eV I 1.5 molecules/100eV

w

R, (net gas) = (2W)] — =3.11x10"7
u(net gas) =( 1.602x10°7 6.023x10”moleculeslgmol) x107" gmol/s

The volumetric rate of gas generation is then determined by applying the ideal gas law:
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05522 -8t } 51003 1151077 B gm°‘)
RM(net gas) RTR,,(net gas) gmol-K s ) _scm®
g=Rufetges) RTR, (metgas) =7.99x10"° 52
Pu P latm s

The concentration (or molar density) of flammable gas entering the container is determined from the G-
values for net gas and for flammable gas along with the ideal gas law:

C.. = G(flamgas) Y P _ _9_1 latm =1.817x10" mole flam Gas
A0 RT 1.5 3 :

G(net gas) (82.05cm® - atm/gmol - K)(313) cm

The equation describing the concentration of flammable gas (moles flammable gas per cubic centimeters) in
the container as a function of time is determined using Equation 4.14:

- ~3 3
Cr= (1 .817x107° gmol/cm3 {] - ex[{ (t)(z-g(g);::ns cm’/s )].

1t is useful to calculate the mole fraction of flammable gas as a function of time. At a pressure of 1 atin and
a temperature of 313 K, one cubic centimeter contains n=[{(1 atm)(1 cm3)/(82.05 atin-cm3/gmol K)(313)1=
3.894x10-5 gmoles gas. Therefore, the mole fraction of flammable gas as a function of time for this
example is:

-5 - -3 .3
Mole Fraction Flammable Gas = X(t) = (1 .817x10 I p( t(7.99x10”cm /3) ]}

3.894x10™° 1000 cm®

For long times the exponential term goes to zero and the steady-state flammable gas mole fraction is 0.467.
The above equation can be rearranged to give the time as a function of the mole fraction flammable gas:
t= (—-125156.4)1n(l - X(t)2.143).

From this equation, the flammable gas reaches 5 mole % (mole fraction of 0.05 or 5 volume percent) at a
time of about 14.185x103 seconds (236.4 minutes).

Example #3: Check of solution to hydrogen gas concentration in a rigid leaking enclosure nested
within a rigid non-leaking enclosure

Problem: Prove that the expressions for X; and X, in Equations 4.19 and 4.20 sat:sfy the coupled
differential equations in 4.2.18a and 4.19b,

Solution: From Equations 4.19 and 4.20, X;(t) is given by:

X, ()= AS - AS exp[—-t(A:— B)] + BSt
(A+B) (A+B) (A+B)
and X,(t) is given by: .
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-BS + BSexp[-t(A +B)] + BSt

z(t) =

(A+B) (A+B)* (A+B)’
Taking the derivative of X;:
ol Sl S ]
or ‘
X, __A5 __(A+B)expl-t(A+B)}+ SB__ ASexp[-t(A+B)]+SB
dt  (A+B)y’ (A+B) (A+B)

Substituting X, (1), X2(t), and the above expression for dX,/dt into Equation 4.18a yields:

%=S—A(X,-X,)
_s_alAS(-exp[-A+B)) SBt A BS(-exp[-t(A+B)] SBt
- (A+B)? TA+B (A+B) A+B
_s_ AS{(A+B)(1 exp[—t(A+B)])} g__AS , ASexp[-t(A+B)]
‘ (A+B) A+B A+B
__BS _ ASexp[-(A+B)] _ ASexp[~t(A+B)]+SB
~A+B A+B A+B |

Therefore, with this check and the check that the initial condition on X is satisfied (i.e., X;(0)=0) by the
solution, the solution for X, is proved valid.

Now, check the solution for X; by substituting it into the differential equation for dX,/dt.

The derivative of X, is:
BS  BSexp[-t(A+B)]  BSt
[ Ll dt[(A+B)=+ (A+B)? +,(A+B)]
or
dX, _-BS(A+B)exp[-t(A+B)] SB _SB [1-exp[-ta+B)11]
dt (A +B)? A+B A+B

Substituting X, X3, and the above expression for dX,/dt into Equation 4.18b:

111




Appendix F

X2 - BX, -X;)
dt

_B {AS(I—exp[-t(A+B)])+ SBt _BS(1—exp[-tA+B)] SBt}

(A+B)? A+B (A+B)? A+B
_ psl (A+BX1-exp[-{A+B)]) =BS{l-cxp[-t(A+B)]}
B (A+B)? A+B

Therefore, with this check and the check that the initial condition on X; is satisfied (i.e., X5(0)=0) by the
solution, the solution for X, is proved valid.

Example #4: Hydrogen gas concentration in a rigid leaking enclosure nested within a rigid non-
leaking enclosure

Problem: Consider a leaking container with contents that have a decay heat of 2.26 W (1.41x1019 eV/s)
and an effective radiolytic G-value for hydrogen generation of 0.7 molecules Hz/100eV. The leak in the
container has been determined to allow a flux of Ty=1.1x10-7 gmol Hy/smole fraction. The leaking
container is nested within a nonleaking container. The void volume of the inner container is 1.0 liter, and
the void volume in the outer container (excluding the inner container) is 2.0 liters. Assume that the
temperature of the system is constant at 330 K and that the only radiolysis gas produced is hydrogen.
How long does it take for the inner container to reach 5 volume percent hydrogen if it is assumed that
there is initially no hydrogen in either container.

Solution: Given a decay heat of 1.41x1019 eV/s and a G-value of 0.7 molecules Hz/100 eV, the hydrogen
generation rate is 9.87x10¢ molecules Hy/s or Ry=1.64x10-7 gmol Hy/s, which is calculated using
Equation 4.6. If it is assumed that the containers were filled at 1 atmosphere and 238 K, then the initial
number of gas moles are: n;=4.09x10-2 gmol and n,=8.18x10-2 gmol, where n; is the original number of
gas moles within the inner enclosure and n; is the initial number of gas moles in the void volume within
the outer enclosure. Therefore, S=Rp/n;=4.01x10-6, A=T,/n;=2.69x10-5, and B=T;/n,=1.34x10-6. Using
these numerical inputs and the equation for X;(t) given by Equation 4.19, the time to reach X,;=0.05 is
determined implicitly to be approximately 211.3 minutes or about 3.5 hours. For this problem, the time
to reach a given hydrogen mole fraction can be determined in various ways, including: (1) graphical
techniques; (2) trial-and-error methods; or (3) iterative methods (Newton scheme).

Example #5: Hydrogen concentration in two nested rigid leaking containers

Problem: Consider a leaking container with contents that have a decay heat of 2.26 W (1.41x1019 eV/s)
and an effective radiolytic G-value for hydrogen generation of 0.0131 molecules Hp/100eV that is nested
within a second leaking container, The leak in the inner container has been determined to allow a flux of
T;=1.1x10-7 gmol Hy/s.mole fraction, and the outer container has been determined to allow a hydrogen
flux of Tz=1.2x10-7 gmol H,/s.mole fraction. The void volume of the inner container is 1.5 liters, and the
void volume in the outer container (excluding the inner container) is 2.5 liters. Assume that the
temperature of the system is constant at 330 K and that the only radiolysis gas produced is hydrogen.
How long does it take for the inner container to reach 4 volume percent hydrogen if it is assumed that
there is initially no hydrogen in either container? What is the hydrogen percent by volume in the outer
container (excluding the inner container) when the inner container has S volume percent hydrogen?
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Solution: The coupled differential equations describing the hydrogen concentration in two nested rigid
leaking enclosures are given by Equations 4.23a and 4.23b. The solutions for Equations 4.23a and 4.23b
are given by Equation 4.24 and 4.250. With a decay heat of 1.41x1019 eV/s and a G-value for hydrogen
generation of 0.0131 molecules Hy/100 eV, the hydrogen generation rate is Ry=3.0675x10- gmol Hy/s.
If it is assumed that the containers were filled at 1 atmosphere and 298 K, then the initial number of gas
moles within the two enclosures are: n;=6.135x10-2 gmol and n,=0.1022 gmol. Therefore,
S=Ry/n;=5.0x10-8, A=T/n;=1.79x10-6, B=T/n,=1.076x10-, and C=T>/n,=1.174x10-6, With these
numerical inputs, Z=4.043x10-6, and W=2.815x10-6. Then, using these inputs to Equation 4.24 for X;(t)
and Equation 4.25 for X(t), the hydrogen concentration for the two containers as a function of time can
be determined. See Figure F.1 for the graphical results.
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Figure F.1 Hydrogen concentration as a function of time

From the numerical results used to generate the above plot, it is determined than the inner container
reaches 4 volume percent hydrogen (mole fraction hydrogen of 0.4) after about 23.8 days, and that at this
time the outer container has about 1.7 volume percent hydrogen.

Example #6: Pressure in a single rigid non-leaking container with contents undergoing radiolysis

Problem: Consider a case where the container was sealed at a pressure Pg=1 atm and a temperature
To=25°C (298 K). The decay heat absorbed by the material undergoing radiolysis is Dg=6.24x1020 eV/s,
the container temperature is 90°C (363 K), the effective net gas radiolytic G values is G(net gas)=0.3
molecules/100eV, and the container void volume is S liters (S000 cm3). Calculate the container pressure
as a function of time. How long does it take for the container to reach a pressure of 2 atmospheres?

Solution: The pressure as a function of time (from Equation 4.47) is:
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3
-atm
3K 6.24x102 &Y 0,3 Imolecules (82.0532—1?)(3631{)

P() = [l atm(g_——)] + $ 100 eYecul gmol- S t)

298K 100 6.023x10% molecules 5000 cm

gmol
or after simplification:
P(t) =1.22 atm + (1 85x10° 2% | .
S

From this equation, the pressure will reach 2 atm in 4.226x104 seconds or about 11.7 hours,
Example #7: Pressurein a Single Rigid Leaking Container with Contents Undergoing Radiolysis

Problem: Consider an example of a single leaking enclosure that has a single leakage hole with a length
of 0.5 cm and a diameter of 3.2x10-3 cm. The container was initially sealed at 25°C, but has a steady state
temperature of 80°C. Assume that (1) the effective radiolytic G value is 0.8 molecules/100 eV; (2) the
contents decay heat is 2.5 W and all decay heat is absorbed by the material capable of undergoing
radiolysis; (3) the void volume of the container is 1000 cm3; (4) the effective viscosity of the gas is 0.021
cP, and (5) the effective molecular weight of the gas within the container at any time can be
approximated by 26 g/gmol. Assuming the downstream pressure is one atmosphere, calculate the
container pressure as a function of time and the maximum container pressure.

Solution: First it is useful to determine if the contribution to the flow from molecular flow can be
neglected. Forming the ratio Fo/Fp,: _

F, __654DP, _(654)(32x10™), +1)
m %/Iw (2)(0.021)‘/35%6

E,

it is clear that for Py 21 atm, then F,<(F/27) or Fy, is about 3.7% of F.. Therefore, the contribution to
the total flow rate from molecular flow can reasonably be neglected. By neglecting molecular flow, the
calculated container pressure is conservative and bounding.

=13.5@, +1),

Neglecting molecular flow, the equation for the container pressure as a function of time (from Eqn. 4.61)
is:

[ 4

2R TR ' ,
S Rl oy e
o c Toﬁ(ZRgTRM )+P 2]
d
\

L

Substituting F=2.487x10-2, V=1000 cm3, R=82.05 cm3-atm/gmol K, Ry=2.073x10-7 gmol/s, T¢=298 K,
T=353 K, P4=1 atm, P¢=1 atm into the above equation and plotting the results gives the curve in
Figure F.2, ‘
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Figure F.2 Pressure as a function of time for example single leaking container

The results shown in Figure F.2 indicate that the container reaches its maximum pressure after about 50
hours and that the maximum pressure is a little less than 1.218 atm. An exact calculation of the steady
state pressure shows that P,=1.2177.

Example #8: Lower flammability limit for natural gas in air
Problem: What is the lower flammability limit of natural gas in air?

Solution: Natural gas has an approximate composition of 80% methane (lower limit, 5.3%), 15% ethane
(lower limit 3.22%), 4% propane (lower limit 2.37%), and 1% butane (lower limit 1. 86%) Using
Equation 4.65, the lower limit of the natural gas mixture is:

100 _
o =50 15 4 7 =435%.

—_— +
53 322 237 1.86

Example #9: Time to reach 5 volume percent hydrogen in a package with radioactive material nested
within three confinement layers and a non-leaking rigid containment vessel

Problem: Consider 2 mass of radioactive material that has a decay heat of 1x1018 eV/s and a G-value for
radiolysis of 0.5 molecules/100 eV. The material is first placed in a metal “product can” that allows a
hydrogen flux of T;=8.0x10-7 gmol Hy/smolefraction and, is then placed in two plastic bags that each
allow a hydrogen flux of 5.0x10-7 gmol Ha/s'mole fraction. This “bagged-out™ material is then placed in a
rigid non-leaking containment vessel. If the material is sealed in the containmeant vessel at 298 K, the
void volume within the product can is 0.5 liters, the void volume between the outer bag and the
containment vessel is 1.5 liters, and the temperature is constant at 330 K, how long does it take for the
hydrogen mole fraction within the product can to reach 0.05 (5 volume percent hydrogen)? Assume that
the only gas produced is hydrogen.

Solution: For a decay heat of 1x1018 eV/s and a G-value of 0.5 molecules H,/100 eV, the hydrogen
generation rate is Ry=8.3x10-9 moles Hy/s. For the three confinement layers (metal can and two plastic
bags), the effective hydrogen flux is 1/T=(1/8.0x10-T)+(1/5x10-"14(1/5x10-7), or T.¢=1.9x10-7 gmol
Hy/smole fraction. Using this effective allowable flux through the three confinement layers, the problem
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can be visualized as a radioactive mass within one confinement layer (representing the three confinement
layers) that is within a non-leaking rigid containment vessel. The solution to this case is given by
Equation 4.19, which gives the hydrogen mole fraction as & function of time for the inner-most
confinement layer. The number of gas moles originally within the confinement volumes is calculated
with the ideal gas equation as n;=2.05x10-2 gmol, and the number of gas moles between the confinement
layers and the containment vessel is n;=1.16x10-2 gmol. Using these values, S=(Ry¢/n;)=8.1x10-,
A=(Tg/0;)=9.3x10-6, and B=(T.s/ny)=3.1x10-6.Then, the hydrogen mole fraction as a function of time is

as shown in Figure F.3.
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Figure F.3 Hydrogen mole fraction as a function of time

From the plot, the hydrogen mole fraction in the innermost confinement layer reaches 0.05 in about
2.6x105 seconds or about 72.2 hours.
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1.0 EXECUTIVE SUMMARY

A final report documenting Russian experience in ambient temperature cement-based waste

forms, in-tank waste treatment and grout/concrete decommissioning is provided in’

Attachment 1. The report is titled “The Review of the Russian Experience on Inorganic

Binders for Waste Treatment and Tank Closure,” and contains technical information

concerning: '

e An assessment of the properties of hardened cement materials that affect the performance
of hazardous and radioactive waste forms.

A list of additives used to modify the properties of cement-based waste forms.

The effect of elevated temperature on hydrated portland cement as a function of time and

temperatures up to 180°C.

o The effect of radiation exposure on hydrated cement materials as a function of radiation
dose up to 6E+09 Rad. Radiolytic gas generation data is also presented and discussed.

e The results of an experimental investigation on the properties of special grout
formulations developed as closure grouts.

e Descriptions of full-scale grouting for decommissioning vessels contaminated with
radioactivity.

e Inner tank space of the fuel storage unit on Lepse (service tanker/vessel for nuclear
submarines). (Monolith for strength and contaminant immobilization).

e In-place decommissioning of two nuclear submarine reactor compartments and
associated equipment at the Russian Navy Training Center in Paldisk, Estonia.
(Radiation shielding and contaminant immobilization)

e Description of in-tank waste solidification for a chemical tank using magnesium
phosphate cement. '

The Russian experience in aqueous waste stabilization/solidification appears to be limited.
The examples discussed in the report are related to work conducted in the recent past or
intended for future programs. To date, the Russians have not closed any high-level waste
tanks. However, decontamination and repair of a large steel waste tank was discussed. The
tank was returned to service after the repairs. In informal discussions, V. A. Starchenko
stated that the Russians intend to empty and clean their high-level waste tanks and to then use
them as “vaults” for storage of radioactive debris and/or packaged waste/waste forms rather
than to fill the tanks with clean grout. Currently the Russians are planning for long-term
storage of the low-level waste and for geologic disposal of high-level waste.

The Russian experience in decommissioning large tanks/vessels is also limited to three
examples. One example involved pumping grout into the inner tank space in a Fuel Storage
Unit on a tanker that serviced nuclear submarines. The concrete was a relatively high-
strength concrete which was batched at a central plant and delivered to the docked tanker by
truck. The concrete was pumped into the inter tank space. Approximately 6 hours was
required to fill the 110 cubic meter void space.

The second example involved decommissioning two nuclear submarine reactor
compartments at the Russia Navy training center in Paldisk, Estonia. Two concrete mixes
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were used for “conservation” of these units. A highly fluid, pumpable concrete mix was
designed for filling the compartments. This concrete also contained Shungizit porous
aggregate which was intended to dissipate radiolytic gases formed in the high radiation fields
associated with the inside of the reactor compartments. A concrete sarcophagi was also
constructed over the reactor compartments as part of the “conservation” effort. This mix
contained less cement and no porous aggregate since the radiation field was much lower.

Finally, magnesium phosphate cement was used to solidify the radioactive ferrocyanide
sludge in a defective tank. The tank had a volume of 3200 cubic meters and it contained 70
cubic meters of sludge with a liquid to solid ratio of 2 to 1. The tank had no mixing
capabilities so the magnesium oxide and phosphoric acid were simply added on top of the
sludge. As a consequence, crust formed on top of the sludge after the first addition and
precluded subsequent additions of the magnesium oxide. However, the solidification of the
sludge was sufficient to stop the tank from leaking. Magnesium phosphate cement was
selected for this application because of the strong stabilization/fixation properties of the
resulting salts (barium, tin, zirconium and thorium phosphates are very insoluble).

The Russian regulatory requirements (in Russian) are provided in Attachment 2. These
regulations have been in effect since January 1, 2001. In general the Russian requirements
for cement-based waste forms are similar to the US Nuclear Regulatory Commission
requirements. An abridged English summary is provided in Attachment 3, in the form of
slides from a presentation on “Collecting, Reprocessing, Storage and Conditioning
(Treatment) of Liquid Radioactive Waste” by V. A. Starchenko.

The Russian waste form requirements include limits on radionuclides, leaching rates, referre
to as water resistance, compressive strength, radiation stability, resistance to thermal cycling
and a durability requirement based on the strength of a sample immersed in water for 90
days. In addition to prohibiting waste with fire or explosive characteristics, wastes that can
react with the compounds in the cement to form toxic substances such as ammonium slats ar
also prohibited. Complete dehydration of high-salt aqueous low-level waste solutions is
prohibited per the Russian regulations in order to prevent possible exothermic interaction of
the compounds in the dry residue. This sensitivity to management of dry salt waste is
applicable to treatment, storage and disposal of calcined waste at DOE facilities.

Strength is used as a measure of durability and performance. Additives used to improve
leaching include sodium silicate to reduce overall permeability, zeolites to improve cesium
leaching and organic polymers (polymer cements including latex-modified cements) to
reduce porsoity/permeability and thereby improve tritium leaching. Pozzolans were
discussed for improving matrix properties and alkaline additives were discussed as set
regulators specifically for borate wastes.

An interesting concept employed by the Russian grout formulators is to include a porous
aggregate, “Shungizit,” as a ingredient in waste forms and/or decommissioning grouts
exposed to high radiation doses. The purpose of the porous aggregate is to provide for gas
permeability through the aggregate. In addition, the matrix portion of these grouts/waste
forms is designed to have low permeability to water. This is achieved by a low water to
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cement ratio in the mix. This type of mix provides a means of venting the waste form so that
radiolytic gases do not accumulate while at the same time minimizing the contact betwcen
the contaminants and leachate.

The final report on Russian Grouting experience provided an opportunity for international
cooperation and access to Russian grouting/waste form experience. The data on radiolytic
gas generation form grout mixtures was already used in evaluation of the source of hydrogen
and methane generation detected in the sampling ports around the SRS high-level waste
tanks in 2002. The concept of venting the radiolytic gases from a waste form by adding
porous aggregate is being considered for future cement-based TRU waste forms at SRS.

2.0 BACKGROUND
2.1 OBJECTIVE

The objectives of this work were to document the Russian experience on grouting for waste
forms and tank closures or other decommissioning applications. This task was designated as
Task H-4 in TFA Work Element 923, SRS TTP SR16WT51 Subtask H. The milestone
designation is 923-1.5-1.

The approach for obtaining the Russian experience in ambient temperature waste treatment
and in decommissioning tanks and other vessels was to issue a subcontract to the American
Russian Environmental Services, Inc. (ARES) for preparation of a report on the Russian
experience. ARES contracted the report to Daymos, Ltd. V. A. Starchenko from Daymos
was the project manager. N. 1. Alexandrov and V. P. Popik were the principal investigators.
The final report from Daymos/ARES is attached.
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4.0 ATTACHMENT A

Review of the Russian Experience on Inorganic Binders for
Waste Treatment and Tank Closure - Final Report
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Summary.

Keywords: radioactive wastes, tanks for waste storage, radiation -
dangerous objects, cementation of radioactive wastes, portiand cement
mixtures, radiation stability, radiolysis, radiolytical gases release, durability of
the cement compositions, leaching of radionuclides, large scale experience.

In this report it is given the review of resuits of researches carried out
in Radium Institute and in number of other Russian entefprises directed on
elaboration of high-performance concrete - conserving agents designed for
solidification of liquid radioactive wastes and for transfer into ecological -
safe state of HAW storage tanks and decommissioned radiation - hazardous
objects of nuclear power engineering. The existing Russian practical
experience in the indicated area is also briefly described.
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INTRODUCTION.

The present review is prepared in accordance with subcontract No
8D6266-EE/2001-01 concluded with corporation “ American Russian
Environmental Services, Inc.” The subcontract goal is to prepare a technical
report on Russian experience with the use of inorganic binders for treatment
of radioactive waste and for closing of waste tanks. For reflection of the
Russian experience on use of cement grouts for waste treatment and tanks
closure the following major subjects were determined, which should be
reflected in the report:

- research of influencing of portland cement grouts composition on the
mechanical strength and radiation stability of the solidified cement
mixtures;

- studies of influencing of cement grouts composition on an yield of
radiolytic hydrogen at high radiation doses of compositions;

- estimation of capability to improve cement grouts at their contact with
groundwater due to introducing in them of the special additives;

- estimation of capability to decrease radionuclides leaching from cement
grouts due to addition of the components, which can decrease migration
rate of impurities in cement matrixes;

- practical experience on application of grouting methods for
decommissioning of objects of nuclear power engineering and Navy
nuclear radiation hazardous facilities;

- key technical problems regarding of improvement of cement grouts

properties that might be resolved through an analytical and experimental

research program during the potential next stage of the project;

- filled in survey of enhanted grout needs for tank closure provided by the
SRTS customer. .

The compositions on the basis of ordinary portland cement (OPC) and
some other inorganic binders (blast furnaces slag (BPS) and pulverized fuel
ash (PFA) are broad applying for solidification of low active liquid radioactive
waste (1). In Russia and in USA cement grouts are applied also to
conservation of radwaste tanks and other radiation - dangerous objects. The
important direction of cement grouts usage is their application as

May
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construction materials and biological protection in containers and dry storages

designed for long-term storage of burned up nuclear fuels.

For effective utilization in the mentioned above directions cement
grouts should have a series of particular properties:

- high radiation stability that is especially important at usage of cement

mixtures for decommissioning of objects with high level of irradiation (reactor

compartments of nuclear powered vessels, burned up nuclear fuel storage);

- the structure of the cured grout should provide release of radiolytic gases

without disturbance of monolith integrity;

- the structure of the cured grout should have low water permeability to
ensure low leaching rate of radionuclides from the object in environment
for all time of its long-term storage.

The special cement mixtures suitable for solidification of the liquid radwaste
should have a following complex of properties:

- high radiation stability, that will allow to solidify radwastes with enough high

level of activity;

- the structure of the cured cement mixture should have low water
permeability to reduce to minimum release of the radionuclides from
solidified radwastes in environment for all time of their long-term
storage; |

- the cured cement compositions should have high frost resistance;

- the cured cement mixtures should have low speed of leaching of the basic
components of cement to provide high stability of the cured cement grout
at contact with groundwater,

- the composition of cement grouts used for radwaste solidification should
provide enough high mechanical strength at the high contents of soluble
salts in cemented waste.

The primary goal which was put at realization of researches of cement
mixtures with reference to treatment of liquid radwaste and decommissioning
of radiation - hazardous objects including waste tanks was concluded in
elaboration of cement mixture compositions which in the most degree satisfy
to the presented above requirements.

Previously the literature on structure and properties of cured cement

mixtures was studied with the purpose of selection of rational paths for
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looking up of cement mixtures composition possessing a given complex of
properties.

The main features of structure and properties of hardening cement

mixtures with reference to problems of radwaste treatment and

radiation-hazardous objects decommissioning.

The term "cement" usually implies portland cement or materials
containing portland cement. The cement produces by high temperature
calcination with a partial melting of materials having high content of caicium
oxide. The obtained product (clinker) is crushed up to rather high specific
surface (approximately 4000 cm?/lg) to activate cement The cement
hardening begins when this powder is mixed with water. At preparation of
hardening cement mixtures the watercement weight ratio is usually selected
within the limits of 0.25-0.6; the mixtures with smaller watercement ratio
become rigid and lose plasticity whereas at the greater ratio mixtures can be
stratified and liberate water. The prepared mixtures must be used within 1-2
hours then their setting starts. The development of strength becomes
noticeable only in 1-2 days. Then the strength fast accrues.

In general all processes of cementation have a” window” +2 hours,
during which the prepared mixture should be used. In further it is necessary
to allow to cement to hydrate chemically without mechanical effects. The
decelerators and boosters of cement setting are known, but their fong-time
influencing on properties of cement especially in conditions of irradiation is
not enough well established and their applying for cemetnation of radiation -
dangerous objects can not be recommended and therefore it is necessary to
work with cement mixtures in the mentioned above period (l).

Internal structure of cured cement mixtures.

In structure of the cured cement it is possible to mark three
characteristic features: a matrix of solid phases, both crystaline and
amorphous, system of pores of the different size and form and aqueous
phase located in pores. The model of a microstructure of cured cement is
shown) on fig. 1.

M
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ENTRANCE BUNDLES OF CRUMPLED SHEETS
FOILS, ETC~ CALCIUM SILICATE
HYDRATES

Fig. 1. Model of a microstructure of cured cement.

The gel of caicium hydrosilicate (C-S-H) is the most important
component of solid phase of cured cement mixture as it contains main part of
micropores. C-S-H phase is almost amorphous. As it can be seen from fig. 1,
the phase of GS-H gel consists from elements, the centers of which are
grains of cement surrounded with products of its hydratation. Each element
has flaky structure; the random packaging of these units creates a grid of
micropores. It is not surprised that the most part  of sorbtion potential of the
cured cement is determined with micropores of C-S-H gel. The conducted
researches show, that normally prepared samples of concrete, as a rule, do

May 13, 2002
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not contain pores with size > 1 micron and the main part of pores has the size
< 0.1 microns. These pores determine the diffusion characteristics of cement
mixtures in relation to radioactive ions therefore measured for them diffusion
constants are not property of cement matrix, but concern to system pores -
matrix. It is necessary to mark that in cured cement mixtures there are aiso
other kinds of pores. In space between hydrated and not hydrated fragments
of cement socalled capillary pores are formed. These pores have large
sizes than pores of C-S-H gel. Common and capillary porosity is reduced with
growth of degree of cement hydration, gel porosity increases a little because
the volume of C-S-H gel (2) is augmented. '

C-S-H gel acts as a main factor controlling ¢ of cement mixtures at the
greater cure period. The Ca’/Si ratio in C-S-H gel varies within the limits 1.8-
0.9. At Ca/Si ratio 1.8. where C-S-H gel coexists with Co.(OH); the
equilibrium pH value practically equal to pH of saturated solution of calcium
hydroxide. At decreasing of this ratio concentration of calcium in aqueous
phase and pH are descended. The same decrease will be obtained as a result
of leaching, as the cement will lose the most soluble calcium compounds.
The pH of aqueous phase in pores-of concrete has high importance for it
properties as material for conservation of radiation-hazardous objects, since
the high pH value promotes a decrease of solubility of a number of

radionuclides, in particular, of most dangerous long-lived %-emitters (3) and '

favours to decrease of corrosion of carbon steel.

Usage of the additions for modification of properties of

cement mixtures.

Addition of different components for modification of properties of
cement mixtures is widely used in practice. In the table | some materiais
frequently added in cement are presented and the effects which are obtained
with addition of such component are shown too (1).

Table .
Materials adding in cement mixtures for improvement of their properties.
Material. Effectfrom the component.
Fly ash from coal combustion. Decrease permeability, increase
mixture fluidity, lower initial heat
evolution.

May !
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Decrease permeability, lover

slag. internal E, and initial heat evolution
and increase mixture fluidity.
Natural puzzolans. Increase of sorption.
Microsilica. Decrease permeability, increase
sorption.
Superplasticizers. Reduce water content and
permeability.
'€o.(OH);, NaOH Condition borate waste and ensure
set.
Sodium silicate . Precipitate heavy metals, decrease
permeability.

Miscellaneous getters: chemical and

Reduce solubility of specific

structural. radwaste species e.g. Ag* for iodine
conditioning.
Organic polymers. Decrease permeability, getter for
tritium.

it is possibie to divide materials adding in cement into three groups.
One group including natural puzzolane materials, ash, microsilica and slag

can be called puzzolanic because these materials are activited with cement,

react with water and cement and become the integrated part of cement

matrix. The size of particles of these materials are usually less a little than

size of cement particies, so the formed matrix have a little more dense
packing of fragments than cement matrix and provides smalier permeability.

The siliceous fly ashes and slags have a high content of glass, which

concerns to main puzzolanic components (4, 5). In the short term materials

of this group are enough inert and more active part of mixture (cement or

Ca(OH),) determine properties of mixtures in this period.
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Other materials in the table | are mainly modifying agents for matrix.
The cement is usually mixed with quantity of water which is sufficient to
receive fluidity of mixture appropriate to the application. But such fluidity
usually receives at excess of water over that is required for a chemical
hydration, it leads to porous and permeable matrix. Critical water-cement
ratio indispensable for  full hydration of portland cement is equal
approximately 0.24, but such mixture is too hard for practical usage. The
demanded fluidity can be reached at low water content by adding of
superplasicizers, which are the high-molecular polar organic compounds (for
example sulphonated melamin, naphthalene formaldegyde polymers or
lignosulfonates(6). As usual 0.2-2 % of plasticizer, depending on it type, is
diluted in mixing water. it enables to receive normal fluidity of mixtures at low
water content that give possibility to obtain less permeable product. The final
destiny of plasticizers in cement is not compietely known. Probably initiaily
they are fast sorbed on the products of cement hydration with the subsequent
desorption and partial irreversible precipitation.

Calcium and sodium hydroxides are used for acid wastes
neutralization and to condition borates which have negative influence on
cement setting and even can make it impossible; addition of hydroxides
reduces borates influencing.

The applying of sodium silicate is described in the literature (7), but it
is not used widely in practice. This compound is soluble in water and
precipitates a wide range of metallic ions from solution usually in the
amorphous form, however nature of precipitations in cured cement matrixes is
poorly known.

Particular getters it is offered to use to reduce leaching components of
the radwastes badly sorbed by cement, for example of cesium and iodine (8).
For an iodine it is offered to use addition of silver or barium (9, 10). As getter
for cesium it is possible to use zeolites (Il). However capacity of such
components is limited because of chemical reaction between cement and
zeolites. Besides the zeolite capacity is decreased because of competition of
K* and Na* ions presented in cement (12). The final result of it & the
necessity to add in cement of high quantity of zeolite to lower Cs" leaching. It
results in a number of disadvanages: the mixture has high consumption of
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water and low compression strength. Thus the getters application is rather
specific and demands special consideration in each particular case.

The organic polymers also can be used for modification of cement
matrixes. In general it is necessary to concern with caution impregnation of
cement matrixes with organic polymers as the diffusion coefficients in
polymers are rather high and long-term stability of polymers to irradiation and
degradation under an environmental stress is either unsatisfactory or
unknown. The possible advantage of polymeric -cement matrixes can be
improvement of immobilization of tritium (13) .

Effect of elevated temperature and radiation.
As it was noticed above, major component determining long-term

properties of cured cement mixtures is C-S-H gel, which at ordinary
temperatures is metastable, but exists long, natural samples of such phase
with age 20*10° years (l) are known. At temperature 170-180 °C this phase
crystallize in autoclave during 16-24 hours. In result of gel crystallization {’H
of pore liquid is decreased on 1-2 units in comparison with C-S-H gel having
equivalent composition, besides a considerable change of this phase volume
can take place in resuit of crystallization. In the literature practically there are
no data on rate of crystallization of C-S-H gel at temperature below 100 oc,
but it is possible to suppose that the considerable temperature rise inside of
curing cement mixture is extremely undesirable because of hazard of C-S-H
gel crystallization.

The information, available in the literature, demonstrates that even the
high doses of absorbed ¥~ radiation have not negative influence on the
properties of dry cement (14). The effect of irradiation on cured cement
mixture is appeared basically through radiolysis of water presented in it.

Main result of water radiolysis is release of gases and, first of all, of
hydrogen. Irradiation of cement mixture can also modify structure of it and
increases degree of it crystallinity (15)

The yield of hydrogen at radiolysis of water in cement mixt_ures
depends on their composition, in particular, from compos ition of binders,
which was used at their preparation. So it was noticed that trend of hydrogen
yield for mixtures in which as binders were used ordinary portland cement
(OPC) and its mixture with blast furnace slag (BPS/OPC) and fly ash
(PFA/OPC ) is: :BPS/O®e > 0fC> pra/OPC . |
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This in part may be attributed to differences of composition of aqueous
solutions in pores (16).

Presented above literature information on structure and properties of
cured cement mixtures allows to dedicate following main directions in
elaboration of optimal composition of cement mixtures designed for radwastes
treating and conservation of radiation-hazardous objects:

- usage of superplasticizers with the purpose to decrease quantity of water
which is necessary for obtaining cement mixtures with demanded fluidity and
low permeability; .

- looking up of the addition components and filling materials ensuring to cured
mixtures a gas permeability enough for deleting of radiolytical gases at
preservation of their high water tightness; |

- looking up of mixtures composition with a low yield of radiolytical hydrogen;

- research of possibility of using of the components sorbing radionuclides

for decrease their leaching from cement mixtures.

in this report the results of experimental researches carried out in these

directions are presented.

2. EXPERIMENTAL ENVESTIGATION OF PROPERT IES OF
SPECIAL CEMENT MIXTURES.

The main results of the carried out researches are reviewed below. In
the given section of the report the techniques of experimental researches are
briefly shown also. It is necessary to mark that during preliminary researches
22 cement mixtures of different composition were tested. The mixtures
possessing the most favourable combination of properties were selected for
further researches. The compositions of these mixtures are shown in the table
2.

Table 2.
Composition of investigated cement mixtures.

No of Main components of Modifying Water : solid
mixture Mixture Components. Ratio

Material Content, | Material. | Content| (W/S)

% vol. % vol.

1. Cement 66.0 S-3 0.7 0.24

Shungizit 33.7 SDO 0.05

filling
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material
2. Cement 40.0 S-3 0.7 0.35
Shungizit 20.0 SDO 0.05
filling
material
Shungizit
sand 40.0
3. Cement 40.0 S-3 0.7 0.30
Shungizit | 20.0 SDO 0.05
filling
material
Mordernite
sand 40.0
9. Cement 40.0 0.38
Quartz 60.0
sand
21. Cement 38.0 S-3 0.9 0.32
Shungizit | 37.0
sand
"| Clinoptilo- |5.0
lite
Sand 7.0
Microsilica

2.1. Experimental techniques.

2.1.1. Irradiation of cement mixtures.

2.1.1.1 The characteristics of the gamma -irradiation installation.
Irradiation of investigated cement mixtures was carried out on gamma

- irradiafon instaliation of V. G. Khlopin Radium Institute, which had following

basic parameters:

- Source of a gamma-adiation- Co - 60,
- Sizes of irradiation chamber:
height - 200 mm;
diameter-120 mm;
- Calculated dose rate of gamma-radiation - 150 rad / sek.

The real dose rate in the irradiation chamber was measured with usage
of chemical dosimetry method based on radiation oxidation of divalent iron

ions in sulphate media saturated oxygen of air, so-called Frank's dosimeter
(17).
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2.1.1.2. Technique of cement mixtures irradiation.

Samples of cement mixtures were placed in glass cylindrical vessels with
inner diameter and height 21-22 mm and wall thickness | mm or in glass
ampoules with diameter 15 mm and length 90 mm with the same wall
thickness. Vessels with samples of mixtures destined for research of
composition and quantity of radiolytic gases were placed in titanium hermetic
capsule with wall thickness 0.5 mm.

2.1.1.3. Tests of mechanical properties of cured cement mixtures.

The determination of compressive strength were carried out according
to GOST 10180-90. The hydraulic press PD-10 (GOST 8905-73) was applied
to tests. The inaccuracy of measurements of load did not exceed 2 % rel.
Compressive strength (Rcom) of samples was calculated according to:

Rcom =F/A

Where: F - destructive load;

A — cross section area of sample.
The mechanical tests irradiated and not irradiated samples of the same

composition were done simultaneously.

2.1.1.4. Test of cement mixtures air permeability.

The device AGAMA-2R was used for evaluation of cement mixtures
air permeability. This device gave possibility to measure time which was
necessary to definite volume of air pass through testing sample into
evacuated chamber. As all tested samples had the identical geometrical sizes
for comparison of their air permeability the value of rate of air accumulation in
vacuum chamber was used.

2.1.1.5. Test of waterproof of cement mixtures.

Testing of waterproof of cured cement mixture samples was done in
according to GOST 12730.5-84 on which the measure of waterproof is the
water pressure (W) at which on a surface of test cylindrical sample there is
no yet wet spot. The increase of water pressure was made by steps 0.2 MPo.
during 1-5 min After each step the stop during 16 hours was made.

2.1.1.6. Research of cement mixtures structure changes at
irradiation.
For research of influencing of irradiation on structure of cement

mixtures the methods X-ray phase analysis and differential thermal analysis
were used.

X-ray phase analysis.
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For identification of crystalline phases in investigated samples the
powder method permitting to receive the information on chemical composition
and structure was used . For obtaining diffraction pictures the X-ray
diffractometer DRON-1,5 was used with copper anode Xray tube at anode V
=30 kV and | = 25 m. CuK a ~radiation was filtered through Ni — foil,

The identification of crystalline phases was made by comparison of data
obtained from diffractograms, with data presented in catalogue 1CPDS5 issued
by Integrated Committee of the Powder Diffraction Standards (USA).

Differential thermal analysis of cement mixtures.

The differential thermal analysis (DTR) of cured cement mixtures was
carried out with help of derivatograph Q 1500 D of the Hungarian production.

During DTA it was fixed weight changes of grinded specimen of
investigated mixtures at controlling heating from 20 to 1000°C.

2.1.1.7. Research of quantity and composition of gases which are

evolving at irradiation of cement mixtures.

The chemical analysis of gas phase accumulating in capsules and
ampoules during irradiation of cement mixtures was made with gas
chromatographic method. The gas chromatograph "Tsvet-100" was used for
gas analysis. The conditions of chromatography and system of detecting
were selected recognizing that the main anticipated components of gas
phase evolving at cement mixtures irradiarion are: Oz Hz, CHs CO2 The
accuracy of definition of the contents of these components in samples of gas
was 5-10 %.

2.1.1.8. Research of leaching of radionuclides from cured cement
mixtures.

Raduonuclides (Pu-239, Am -241, Cs-137, Sr-90) were added in water
used for cement mixtures preparation as nitrates. Before beginning of
leaching experiments all specimens of cement mixtures were cured during 28
days.

The technique of expeiments on definition of speed of leaching of
radionuclides from hardening compositions on the basis of cement
corresponded to the guidelines of IAEA (18) and GOST 2914-91 (19). The

distilled water was used as leaching liquid.
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The concentration of radionuclides in samples of leaching water was
on o-radiation for Pu-239 and Am-241, on

B-radiation for S~90 and on y-radiation for Cs-137. The accuracy of activity

determined radiometrically

measurement of samples was 5-10 % rel.

2.2. RESULTS AND THEIR DISCUSSION.

Influencing of gamma-radiation on mechanical properties, air
permeability and waterproof of cement grouts of different

compositions.

As it was already marked in the introduction, primary goal of

researches, the resuits of which are reviewed in this report, is looking up of

cement mixtures (concrete) compbsitions which properties meet to demands

to concrete - conserving agents used for conservation (closing) of radiation -

hazardous objects, including waste tanks. In this connection influencing of
gamma-irradiation on a mechanical strength, air permeability and waterproof

of concrete of different compositions was studied. The obtained results are
shown in the table 2.2.1

The table 2.2.1.
Influencing of gamma-radiation on mechanical properties, air

permeability and waterproof of concrete of different compositions.

No of Time of | Dose of | Compre- | Air perme- | Water-
concrete | curing, Gamma | ssive ability, proof
compo- | days -radia- |strength, |Cm¥sec. |W, tm.
sition tion, MPa.
Mrad.
1 28 266 43.5 0.037 12
90 855 41.6
180 1710 56.0
270 2565 459
690 6000 40.2
1c 28 27.5 0.022 12
90 25.0
180 20.1
270 29.7

Ma;
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2 28 266 25.4 0.263 10
90 855 25.0
180 1710 28.0
270 2565 26.7
690 6000 33.9
2c 28 16.0 0.04 2
90 16.8
180 14.7
270 17.4
3 28 266 20.5 0.11 2
90 855 21.0
180 1710 21.1
270 2565 23.8
690 6000 19.4
3c 28 15.5 0.322 2
90 15.0
180 13.7
270 16.3
21 28 266 31.3 0.029 > 12
90 855 34.9
180 1710 39.5
270 2565 38.8
21c 28 37.5 0.03 > 12
90 35.0
180 39.2
270 39.0

As it is visible from the data of table 2.2.1., irradiation of compositions
1-3 at their curing during 28-690 day (the absorbed dose 266-6000 Myad)
results in increase of compressive strength in comparison with control
samples of cement grouts curing in normal conditions (1c-3c). For
composition N 21 some decrease of strength marked at curing period 28-180
days under effect of gamma-radiation, however at the greater curing period
strength of sample hardening in normal conditions and under irradiation are
equalized. The obtained resuits allow to draw a conclusion that the gamma-
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irradiation of investigated compositions on the basis of portland cement with
dose up to 3000 - 6000 MRad will not render negative effect on mechanical
strength of the cured compositions.

Evolution of radiolytical gases at gamma-irradiation of

cement mixtures.

For definition of conditions ensuring safe long-term storage of
decommissioned radiation - hazardous objects, the knowledge of composition
and quantity of gases evolved at irradiation of cement mixtures used at their
closure is necessary. .

With this purpose two series of experiments were conducted, the goal
of the first of which was estimation of composition of gases released at
gamma-irradiation of cement mixtures, and the goal of the second series was
determination of quantity of hydrogen evolved at irradiation of mixtures of
different compositions. ‘

The resuits of analysis of gas phase in titanium capsules are shown in

the table 2.2.2.
The table 2.2.2.

Composition of gas phase in capsules at different radiation time.
Time, Dose of | No of Composition of gas phase in
days. Gamma- | concrete capsule, % vol.

radiation, { compo- H2 02 COz2| CHq¢
M\ rad. sition
0 0 1 < 0.0001 78.1 0.03 -
0 0 2 < 0.0001 78.0 0.02 -
0 0 3 < 0.0001 77.9 0.03 -
28 266.1 1 3.3 10.0 0.01 <0.1
2 0.1 18.6 0.1 0.02
3 12.0 13.1 0.01 0.2
36 342.1 2 0.1 18.6 0.1 0.02
64 608.2 1 1.2 14.4 0.06 0.15
2 0.5 11.1 0.02 0.16
3 8.5 15.6 0.03 1.1

The results of the analysis of gas phase composition in capsules have
shown that at irradiation of cement mixtures that evolution of hydrogen and
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small amounts of methane take place. Evolution of hydrogen is connected
with radiolysis of water containing in cement mixtures. Methane evolution is
the result of radiolysis of organic components (superplasticizer S-3 and
component SDO), added in mixtures during their preparation. Literature data
show‘that methane is one of the main products of radiolysis of complex
organic compounds (20). Apparently that at estimation of safety of long-term
storage of radiation - hazardous objects filled with cement mixtures, it is
possible to consider only hydrogen release, since quantity of other fire hazard
gas - methane is insignificant.

For more reliable determination of hydrogen quantity released at
gamma-rradiation of cement mixtures, the experiments on their irradiation in
soldered glass ampoules were done that eliminated a capability of leakage of
gases during irradiation. The obtained results are shown in table 2.2.3.

The table 2.2.3.

Evolution of radiolytic hydrogen at irradiation cement mixtures in glass

'ampoules.
No of Irradiation Dose of Hydrogen
concrete time, days. Gamma- evolution rate,
composition radiation, Vm? of mixture
. M rad. per hour.
1 5 47.5 0.018
' 15 ' 142.6 0.106
29 275.6 0.064
2 5 47.5 0.034
15 142.6 0.012
29 275.6 0.058
9 - 8 47.5 0.025
15 142.6 0.01
29 275.6 0.01

As it is visible from the data of the table 2.2.3. the rate of hydrogen
evolution does not exceed 0.11 1/ m* of mixture per hour at dose rate 110 rad
/ sek. Apparently that the evolution of radiolytiical hydrogen is necessary to
take into account as the dangerous factor only at conservation with the help
of cement mixtures of objects with high radiation level.
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Research of influencing of addition of boron carbide on release

of radiolytical hydrogen from cement mixture at irradiation.

At concreting of the objects containing fissile materials for maintenance
of nuclear safety it can be necessary to add in cement mixtures used for their
conservation matters — neutron poisons. One of the most known matters of
such type is the carbide of boron - SiC. In this connection the experiments on
influencing of addition of SiC in mixture No 2 on radiolytical hydrogen
release were made. With this purpose the irradiation of mixture No 2 with
addition of SiC in soldered ampoules was made. The powder of SiC in
quantity 50 g/kg of cement mixture was added in dry mixture of components
of composition No 2 before mixing with water.

The results of determination of quantity of radiolytical hydrogen
evoluted at irradiation of composition No 2 without and with addition of SiC
presented in table 2.2.4.

The table 2.2.4.

Influencing of addition of SiC on evolution of hydrogen at
irradiation of composition No 2.

Irradiated Weight | Irradiation Dose of | Hydrogen
Composition | of com- | time, days. | Gamma- | Evolution
position -
in radiation, | rate,
ampoule, Nirad. LUm?3 of
9- mixture per
hour.
No2 12.3 5 47.5 0.034
14.6 15 142.6 0.012
10.0 29 275.6 0.052
No2 + SiC 10.7 7 66.5 0.028
12.5 28 266.1 0.051
12.7 70 665.3 0.053

As it is visible from the data of the table 2.2.4, the introducing of SiC in
composition of cement mixture practically has not effect on rate of hydrogen
evolution at gamma-irradiation of mixture.

Determination of quantity of radiolytical hydrogen

which is held back by concrete.

At irradiation of compositions on the basis of cement radiolytic
hydrogen is generating inside cement mixture and than goes out from mixture

N
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by diffusion through a system of cement mixture pores. It was possible to
expect that the part of radiolytical hydrogen will remain in mixture phase. In
this connection the research of content of hydrogen in sampies of the
irradiated cement mixtures was carry out.

The results of experiments on definition of hydrogen contents in
samples of mixtures having compositions No 1, 2 and 3, irradiated 90 days
(gamma-radiation dose 855 Mrad), are presented in the table 2.2.5.

Table 2.2.5.
The residual contents of hydrogen in samples

of irradiated compositions.

Tempera- No of composition
ture of 1 2 3
m;x:tjir:g' Quantity of Hz Quantity of H2 Quantity of H2
°c. % from " % from I % from n
com- | of mixture.| com- of mixture.| com- } of mixture.
mon. mon. mon.
200 1.0 0.3 3.0 1.4 - -
250 - - - - 3.0 04
400 67.0 18.3 65.0 314 - -
500 99.0 26.9 100.0 484 37.0 53
700 100.0 271 - - 96.0 13.9
900 - - - - 100.0 14.5

From the data, presented in the table 2.2.5, it is visible that all studied
samples of the irradiated mixtures are containing significant amounts of
hydrogen, and at heating the output of the main quantity of hydrogen is
occurred at temperature 400 -500 °C for mixtures | and 2 and 500-700 °C for
mixture 3. The fact that at temperature 200-250 °C the output of hydrogen is a
little indicates that the binding strength of hydrogen with cement matrix is
higher than at it physical adsorption. The data of the table 2.2.5 allow to
suppose that the main part of hydrogen leave s from mixture at temperature at
which destruction of crystallohydrates obtained at hydration of cement takes
place. These crystallohydrates can retain hydrogen by formation of solid
solutions similarly to chalkstone (21). Probably also holding of hydrogen by
samples because of it including into closed micropores (22).
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Research of influencing of the additives on leaching rate of

radionuclides.

The results of experiments on influencing of addition into cement
mixtures of matters which are capable to sorb radionuclides, on rate of their

leaching are shown in the table 2.2.6.
The table 2.2.6.
Influencing of the addition of sorbents on leaching rate of Cs-137 and
Sr-90 from cement mixtures.

Leac~ | Total fraction of a leached radionuclide, % from

hing initial quantity.
time, [ Composition | Composition|Composition | Composition
days. / { ] N v
Cs- | Sr-90| Cs- [ Sr-90 | Cs- | Srr90| Cs- | Sr-90
137 137 137 137

1 0.05 | <0.01| <0.01 | 0.15 | 0.26 | <0.01 | <0.01 | 0.11
4 0.18 | <0.01| 005 | 0.15 | 0.75 | 044 | 0.08 | 0.15
7 024 | <0.01| 012 | 028 | 092 | 0.72 | 0.08 | 0.19
3 050 | <001| 016 | 028 | 1.29 | 0.80 | 0.08 | 0.27 |
6 080 | <0.01| 0146 | 028 | 228 | 0.84 | 0.08 | 0.33

The matters added to cement mixtures were:

N =

- compoéition | — without addition;

- composition Il — natural zeolite — clinoptilolite;
- composition Ili- antimony phosphate;

- composition V- tin phosphate.

The selection of these inorganic sorbents was determined by that they
are capable effectively to sorb radionuciides from solutions of miscellaneous
compositions, including solutions, close on composition to pore solutions of
cured cement mixtures (23, 24, 25).

As it is visible from the data of the table 2.2.6, the addition in cement

mixture of the mentioned above components has essential influencing on
leaching rates of Cs-137 and Sr-90.
The introducing in cement mixture of 10 % of clinoptilolite and tin phosphate
results in decrease of fraction Cs-137 leached during 26 day in 5 and 10
times accordingly. The addition of antimony phosphate lead to increase of
Cs-137 leaching.

in the case of Sr-90 the minimum leaching rate is watched for cement
mixture without any additives, the introducing in a structure of composition
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any of the tested components results in increase of leaching rate, which is

most significant in case of addition of antimony phosphate.

The results of the carried out researches have shown that the addition
in cement mixtures of matters which are capable to sorb radionuclides, can
reduce their leaching. However, the influencing of such components on
properties of cured cement mixtures has complex nature and in some cases
can result not in decrease, but even in increase of leaching rate which can
be connected with negative effect of additives on structure of cured cement
mixtures.

The results of done researches have shown that the composition of
portland cement mixtures has high influence on properties of these mixtures.
Changing composition of cement mixtures it is possible to obtain mixtures
possessing complex of properties in the most degree adequate to areas 6f
their applying.

In the present review we consider two fields of application of portiand
cement mixtures:

- conservation (closure) of radiation - hazardous objects of atomic
engineering, in particular of waste tanks, reactor compartments of vessels
with nuclear energy installations etc.;

- solidification and preparing for long-term storage of the liquid radwastes.

The optimal complex of properties of cement mixtures designed for
applying in each of introduced above areas can be various.

So at usage of these mixtures for conservation of radiation - hazardous
objects with high radiation level the important value has a high gas
permeability of using mixtures because that allows to ensure going out of
radiolytical gases without disturbance of concrete monolith integrity. For
cement mixtures intended for solidification of the liquid radwastes middle and
low level of activity the requirements of low leaching rate of radionuclides and
high stability of mixture at affect of groundwater and other factors of
environment of radwastes storage are going on the foreground.

Considering from these positions results of researches of portland
cement mixtures it is possible to make following conclusions.

For conservation (closure) of radiation-hazardous objects with high
level of radiation for which the release of significant amount of radiolytical
hydrogen is possible, the most favourable combination of properties has the

May 13, 2002
Page A24




WSRC-TR-2002-002

24

composition No 2, as it has a high gas permeability, that provides output of
hydrogen from massive of the cured composition without disturbance of it
integrity.

For conservation of radiation-hazardous objects with low radiation
level, for which quantity of emanation of radiolytical hydrogen is insignificant,
and for solidification of the liquid radwastes the preference is necessary to
give to composition No 21, which has a low permeability, low rate of
radionuclides leaching and highest stability to affect of groundwater from
studied compositions on the basis of portland cement )

Evaluation of service time of the cured cement mixtures at long-

term storage under affect of gamma -radiation and factors of

environment.

The different factors of an environment of storage act on the cured
compositions utilized for conservation of radiation-hazardous objects or for
cementation of radwastes prepared to long+term storage. These factors
cause corrosion of cement mixtures that results in decreasing of their
durability. As the cured compositions should ensure safe long<term storage of
radiation-hazardous objects and cemented radwastes it is important to have a
capability of the evaluation of durability of cement mixtures in conditions of
their storage.

For estimation of demanded service time of the cured cement mixtures
which is necessary for ecological safe handling with conservated (closed)
radiation-hazardous objects and cemented radwastes it is possible to start
with following reasons.

The radionuclides which can be contained in radiation-hazardous
objects and radwastes can be divided into three groups
- short-lived nuclides with a half-life up to 2-3 years;

- the long-lived fission products, basic of which are Cs-137 and Sr-90,
having a half-life about 30 years;

- superlong-lived nuclides (actinides, Pd-107, Tc-99, F129) the half-life of
which reaches hundreds thousand and even millions years.

For nuclides of the first group for their practically full disintegration it is
enough several tens years and the reliability of cement mixtures on this period
does not cause doubts.
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For nuclides of the second group for practically full disintegration (the
decrease of activity in 100 000 times) it is necessary time about 500 years.

Nuclides of the third group for their disintegration need time measured
in millions of years that far leaves the frameworks of the most optimistic
estimations of durability of the cured mixtures on the base of portland cement.

Outgoing from above -stated, is reasonable to esteem cementation with
mixtues on the basis of portland cement as reasonable method for
maintenance of safe storage of the radwastes containing nuclides of the first
and the second groups for it is necessary that the durability of mixtures was
not less than 500 years. Apparently, that for estimation of suitability cement
mixtures for this purpose it is desirable to have possibility to predict their
durability in conditions of affect on them of gamma-radiation and storage
environment. ) :

The analysis of reasons which can lead to decrease of strength and
impairment of other physicochemical properties of concretes has shown that

the primary onc. 13 HReinteraction with groundwater and temperature regime of
storage. The negative influencing on durability of concrete can be done also
by irradiation, but this factor can become essential only for objects with high
level of radiation (absorbed dose more than 2000 Mrad).

Interaction with groundwater leads to leaching from concrete dissoluble
calcium compounds that results in change of structure of solid phases of
cement matrix and, as consequent of it, to decrease of strength and change
of other physicochemical properties of concrete. Besides the contact with
groundwater is a reason of leaching of radionuclides fromcement matrixes.

The negative influencing on durability of concrete can render aiso
periodic cooling it up to temperature at which freezing a liquid in pores of
cement matrix can take place that can lead to development of microcracks in
structure of concrete that results in decrease of it strength, acceleration of
leaching of components which are included in structure of concrete and
radionuclides too. This factor may be important when the cemented objects
are stored without weather protection in climatic conditions in which in winter
period the probably longlived temperature fall is lower -18-20 %C. Such
situation is represented rather improbable. Besides the conducted special
researches have shown that designed cement mixtures have the class of frost
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resistance not below F=300 according to GOST 1006087 that guarantees
preservation of properties of concrete on predictable period.

Thus as the main factor determining durability of concrete, used for
conservation of radiation-hazardous objects, including waste tanks , and br
solidification of the liquid radwastes, it is necessary to consider interaction of
concretes with groundwater.

As a parameter of properties of concrete at estimation of their
durability was chosen their compression strength because the change of this
parameter mirrors changes happening in structure of concrete.

Corrosion of the cured cement mixtures at interaction with

groundwater.

At contact of the cured cement mixtures with groundwater the leaching
of cCa(OH), takes place, rate of which is limited by Ca®™ diffuéion through
system of matrix - pores of cement mixture.

For estimation of service time of the cured mixtures on the basis of
cement it is necessary to have the information on leaching rate d calcium
from it. The data on leaching rate of calcium from mixtures No 2 and 21 are
shown in the table 2.2.7.

Table 2.2.7.
Leaching rate of calcium from mixtures No 2 and 21.
No of composition Time of leaching, days | Total fraction of leached

- 77 (OH)

2 3 0.0144

6 0.0203

10 0.00263

20 0.00371

30 0.00456

40 0.00526

50 0.00589

60 0.00645
21 3 0.000181
0.000235

10 0.00033
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20 0.000465
30 0.000572
40 0.00066
50 0.000738
60 0.00081

The diffusion coefficients of calcium in mixtures No 2 and 21, calculated on
the basis of the data of table 2.2.7. are equal:

For mixture No 2 - 3.1*10"5 m%/sec;

For mixture No 21— 3.8*10"% m¥sec

These values of a diffusion coefficients of calcium in mixtures No 2 and 21
were used for estimation of service time of these mixtures at a contact with
groundwater.
. For calculation of speed of leachingCa it is accepted:
- the package with the cemented radwaste has the form of barrels with
diameter 1 m which are located in storage as a dense packing thus the
volume of groundwater directly interacting with composition is equal to 0.215
m®m?® of cement mixture;
- the leaching rate of Ca depends on speed of groundwater current in storage
therefore calculations were made for three speeds of water current : 1, 10,
and 100 m/ years; | |
- for calculation of Ca leaching rate it was adopted the model, according to
which the cylindrical units of cement mixtures are completely filled up with
groundwater, which is contacting with mixture definite time dependent on
speed of water current in storage then it is substituted on a fresh portion of
groundwater and the procedure repeats;
- the concentration of Ce in groundwater is small in comparison with it
concentration in pores of cement mixture that corresponds to maximum rate
of Ca leaching from mixture.

The solution of a diffusion equation for this case are known (25). In the
table 2.2.8. service time of mixtures No 2 and 21 calculated on the basis of

above presented reasons are shown.
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Table 2.2.8.

Calculated service time of compositions N 2 and 21 at different speeds of
water current in storage of cemented radwaste .
( The packages of cemented radwaste have the form of barrels with diameter

1 m).
No of composition Speed of water current , Service time of
m / year composition, years
2 1 2.5*10°
10 7.9*10°
100 25102
21 1 7.0*10°
10 . 2.2*10°
100 7.0*102

As it is visible from the table 2.2.8.,estimated service time of
composition N 2 at speed of groundwater current in storage of radwastes up
to 10 m / years will exceed demanded value 500 years, however at more high
speed of groundwater in storage it stability to calcium leaching can be not
enough to guarantee safe storage of the cemented radwastes on given term.
Considerably best parameters has the composition No 21 for which even at
speed of groundwater current 100 m / years calculated service time is 700
years, that notably exceeds time (500 years) of radwastes storage containing
Cs-137 and Sr-90, demanded for practically full decay of these radionuclides.

Research of cementation of simulated radioactive pulps on MCC.

The researches on usage of cementation for solidification of radioactive
pulps was made on Mining-Chemical-Combine. The portiand cement M 400
was used in these researches. Permissible quantity d pulps entered in
cement mixture is determined, which allows to obtain the cured cement grout
corresponding to the Russian requirements (RD 9510497-93 “Quality of
compounds, obtained at cementation of low and middle active liquid
radioactive wastes. Specifications. MINATOM of Russian Federation, 1993).

The Main results of carried out researches are presented below.

In the table 2.2.9 the data on influence of quantity of the pulp entered
into cement mixture on strength of cured mixture are shown. 10 % of
bentonite from weight of cement was entered into cement mixture as the
component for decreasing of leaching rates of radionuclides from cured
cement nixtures..
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The table 2.2.9
Influencing of quantity of pulp on strength of cured cement_mixtures.

Composition of cement mixture. Weight water/ | Compressive
Cement/ | The contents, % weight. cementratio | Strength,
Bentonite Cement + Pulp MPo-
ratio Bentonite
10: 0 100 0 0.7 18.0
91 100 0 1.0 14.5
9:1 90 10 1.0 17.0
9: 1 80 20 1.0 18.0
9:1 70 30 1.0 13.0
9:1 60 40 1.0 3.0
9: 1 20 80 1.0 1.0

The data, showed in the table 1, demonstrate that satisfactory
compression strength, equal to 13 W\ Pa, have samples of cured cement
mixtures containing up to 30 % weight of pulp. Increasing of content of pulp
in cement mixture above this limit leads to sharp decreasing of compressive
strength and these mixtures does not fulfii conditions of the Russian

- standards of safety (RD 9510497-93).

The conducted researches have allowed to recommend for
solidification of radioactive pulps the following composition of cement mixture:

binding — portland cement M400;

bentonite - 10 % from weight of cement;

radioactive pulp- about 30 % from weight of cement;
water/cement ratio 1: 1.

The leaching rate of Cs-137 and Pu-239 was studied for cement
mixtures, compositions of which are s hown in the table 2.2.10
The table 2.2.10
Composition of cement mixtures for research of leaching rate of Cs-
137 and Pu-239.

N Composition of cement mixtures, weight %

Of | Cem-| Bento- Clino- Rad- Water/ | Radio- | Activity
sam | ent nite ptilolie | waste | cement | nuclide Cikg
ple pulp ratio

1 100 - - 35 1.0 Cs-137 | 2.0x10-3
2 90 10 - 33 1.1 Cs-137 | 1.8x10-3
3 95 S - 34 1.1 Cs-137 | 1.9x10-3
4" 91 9 - 33 1.0 Cs-137 | 1.8x10-3
5 91 - 9 33 1.0 Cs-137 | 1.8x10-3
6 100 - - 35 1.0 Pu-239 !1.3x10-2
7 91 9 - 33 1.1 Pu-239 | 1.3x10-2
g 91 9 - 33 1.0 Pu-239 | 1.2x10-2 |
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The notice - ® in samples 4 and 8 the bentonite dried up to constant

weight at temperature 100 °C was added.
The data on leaching rate of (s-137 and Pu-239 from investigated

cement mixtures are presented in the tables 2.2.11 and 2.2.12.

Leaching rate of Cs-137 from

samples presented in table 2.2.10).

The table 2.2.11.
cement mixtures (composition of

Contact Leaching rate of Cs-137 from samples of
time of cement mixtures, g/smzxday
sample 1 2 3 4 5
with water,
days.
15 8.5x10 1.3x10° 3.1x10° 1.6x10* 1.6x10°
28 5.1x10° 8.8x10* 1.8x10° 8.0x10° 5.0x10*
58 2.6x10° | 4.1x10* 8.2x10* 3.0x10° .
150 2.0x10™ 8.5x10* 3.8x10~ 8.0x10° -
190 1.0x10~ 1.3x10° - 2.5x10° -
265 1.0x10™ 1.0x10* - 1.0x10° -
350 1.0x10~ - - - -

(composition of samples presented in table 2.2.10).

Contact Rate of Pu—239 leaching from
time of cement rﬁﬂr‘ﬂ? jq)/fsmzxdgv.
sample 6 7 8
with water,
days.
15 9.2x10” 3.3x10° 1.0x10°
48 2.1x10% | 1.0x10°° | 4.0x107
140 2.0x107 | 2.0x107 1.0x107

The table 2.2.12
Rate of Pu-239 leaching from cement mixtures




vision {
3, 2002
ige A3l

WSRC-TR-2002-00235, Revision 0

31

The results of the carried out experiments have shown that the addition
of clinoptilolite and bentonite, especially bentonite dried up to constant weight
at 100 °C, essentially decreases leaching rate of Cs-137 from cement
mixtures. In case of plutonium the influencing of bentonite addition on
leaching rate is not so significant.

The experiments, results of which presented above, were carried out
without exchange of contact solution that imitated emergency submergence of

radwastes storage.

Magne sium-phosphate cement for solidification of the liquid

radwastes and pulps directly in waste tanks.

In a number of cases there is a necessity of solidification of the liquid
radwastes or radioactive pulps directly in waste tanks in which the stirring is
very difficult or is impossible. The carried out researches have shown that for
this purpose it is perspective to use cements on the phosphate basis which is
forming at interaction of phosphoric acid with compounds of different metals,
in particular with caustic magnesite.

In work /27/ the main positions reflecting influence of chemical
composition of phosphate compounds on capability and on conditions of
development of astringent properties were formulated: '

1. The phosphate cements are received at interaction of phosphoric acid
with powdery materials (oxides, hydroxides, phosphates etc.) in broad
range of their composition.

2. The intensity of development of astringent properties in system “ oxide -
phosphoric acid " is objective function of value of ionic potential (relation
of a charge to effective radius) cation of oxide.

3. The major factor determining a capability of obtaining of phosphate
cement is the right selection of ratio of reaction rate of phosphoric acid
with oxide (generation rate of germs of crystalls) and speed of gelation of
cement.

Application of cements of phosphate solidification for an immobilization
of radioactive waste is perspective from e point of view of strong fixation of
radionuclides in structure of cement mixture. The large group of mineral ion

exchangers is known on the basis of indissoluble salts of phosphoric acids

e i
b e S
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/28/, such as phosphates of barium, tin, zirconium, thorium etc., which
effectively retain different radionuclides. It gives the basis to guess. that after
immobilization of radioactive waste in phosphate cement there will be a
strong fixation of radionuclides.

On the basis of above-stated it was offered technique /28/ of
solidification of liquid radioactive wastes with applying as binding of
magnesium-phosphate cement.

In according to this technique in radioactive waste the concentrated
ortophosphoric acid and caustic magnesite must be sequentially added at
weight ratio radwaste pulp: ortophosphoric acid: caustic magnesite equal to
1:0,3:0,5 accordingly. After that the mixture is maintained during time which is
necessary for solidification. The plant tests /30/ on solidification of 70 nt of
radioactive ferrocyanide pulp directly in defective radwaste storage tank - AG
- 8301/1 having volume 3200 m? at radiochemical plant MCC was made. On
technological calculations for solidification of 70 m3 of pulp having ratio solid
to liquid phase equal 1:2, it was required 25,8 t of concentrated phosphoric
acid and 42 t of caustic magnesite. The distinctive feature of technological
process of solidification was that in the tank the system of mixing was absent
that complicated process of solidification. As a result of it, after supply in the
tank of all quantity of phosphoric acid and the first portion (3,5 tons) of caustic
magnesite the dense layer of magnesium-phosphate cement was formed on
the surface of pulp that precluded entry of caustic magnesite into mixture of
pulp and phosphoric acid and because of that has not given capability to
finish process of solidification.

In laboratory conditions the résearches were carried out to choice the
conditions of the introducing in waste tank of phosphoric acid and caustic
magnesite which would give a capability to make solidification in all volume
of waste. The results of these experiments show that for this purpose it is
necessary.

- concentration of phosphoric acid in waste must be 90-106 g/l;

- all demanded quantity of caustic magnesite should be entered in one
portion during possible short time;

- after the addition of magnesite the system must be stayed during 100 day

for solidification of the formed cement.

1
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In accordance with recommendations prepared on the basis of results
of laboratory researches, the following technological decisions were adopted:
- to add in tank calculated quantity of water for decreasing of density of

aqueous phase of pulp from 1.412 g/sm®to 1.32 g/sm® and decreasing of
phosphoric acid concentration from 196 g/l up to 106 g/l;

- the addition of all demanded quantity of magnesite carry out in one portion
during possible short time;

- after magnesite addition to add in tank 1.5 t of phosphoric acid to
guarantee obtaining of magnesium-phosphate cement on the surface of
waste.

After carrying out of all these operations reaction mixture in tank was
stored during 100 days. The samples, which were taken after that, showed
that magnesium-phosphate cement monolith was formed in whole volume of
radwaste in tank.

The carried out works have allowed to solidificate 70 m® of radioactive
pulp that gave possibility to localize radionuclides in cured cement mixture
and to eliminate leakage of radionuclides from defective tank in ground
waters.

The installations for cementation of radioactive wastes developed in
Russian Federation. '

The method of cementation is considered in Russian Federation now
as the main method for reprocessing of low and middie active radwastes. In
this connection the significant attention in Russia was paid to developing of
equipment for this purpose

To the present time the number of such installations is designed, the
brief description and the characteristics of which are presented below.

1. Installation of cementation on RTP “ATOMFLOT”.

The installation is designed for cementation of radioactive wastes
which are obtained at exploitation of atomic ~powered icebreakers.

The radwastes of different chemical and phase composition can be
processed on this installation:

- saline solutions including brines and concentrate from the installation

of membrane cleaning;
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Cement mixtures obtained on the instaliation, are packaged in
protective concrete containers UNZK-150-1.5P with capacity 1.5 me. Activity

of cement mixtures must be not more than 6 x 107 Ci/kg.

Structure of the installation.

The installation' consists of five blocks:

- system of cement feed in the block of mixture preparation;

- system of radwastes preparing and ts feed in the block of cement

mixture preparation;

- block of cement mixtures preparation and discharging of it in the

container,

- system of containers transportation;
- the control system.

Characteristics of the installation.

1. Concentration of salts in radwaste solutions, g/l Up t0200
2. pH of solutions 7-10
3. Specific activity of solution, Bg/l Upto 1.86x107
4. Concentration of solid phase in_pulp, g/l Up to 200
5. Specific activity of pulp, Bq/l_ Up to 2.22x10°.
6. Consumption of cement, kg/hour 600-1200
7. Consumption of the additions, ka/hour 60-120
8. Consumption of compressed air (6 atm.), kg/hour Up tc 50
9. Yield of waste gases, kg/hour Up to 60
10. Specific activity of overflow gases, Bqg/m” Not more than
3.7
11. Weight water-cement ratio 0.4-07
12. Weight fraction of salts in cement mixture, % Not less than 7
13.  Weight fraction of pulps solid phase incement mixture, 7-8.5
%
14. Degree of the container filling, % Not less than 85
15. Consumed electrical power No more than
32.5 kw
16. Temperature of air at exploitation 5-40°C
2. Installation for cementation of the ash from incineration of

combustible solid radwastes on Smolensk Nuclear Power Plant..

The installation of cementation is designed for cementation of the ash

which is obtained at incineration of solid combustible radioactive wastes. It

A
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contains up to 99 % of radionuclides from their quantity in an initial
combustible solid radioactive waste.

The installation includes:

- bunker for cement;

- vessel for water,

- vessel for collecting of ash with volume 200 [;

- the automotive protective container;

- auger feeder for ash;

- feeder for batching of cement;

- unit for mixing of ash, cement and water.

Characteristics of the installation.

Filed with ash the barrel located in the automotive protective
container, goes on the installation of cementation.. The barrel with ash is
connected to the cover having the electric drive with mixer and admissions
for cement and water.

The cement feeds from bunker with portions up to 70 kg.

The water feeds from vessel with portions up to 70 .

The consumption of cement- 0.6 - 1.0 kg / hour.

Quantity of cement compound - 1.6 - 2.6 kg / hour.

Specific activity of cement compound- up to 1x10? Ci/kg.

3. Installation of cementation liquid radwastes in building 101
NITI.

The installation is designed for cementation of liquid radwaste
concentrates. The solidification is made directly inside primary packaging
(barrel).

The installation can be utilized on objects, on which the volume and
regularity of liquid radwastes formation make stationary installation
economically inexpedient.

The portland cement M500 (GOST 10178-85) will be used for
cementation of liquid radwaste concentrates. The different synthetic and

natural inorganic sorbents ( nickel fer_rocyanide on silicogel (NGA- “Celeks -
CFN' TU 95-2385-92, bentonite clay (GOST 7032-75), clinoptilolie,
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vermiculite etc.) in quantity 515 % from weight of cement can be applied as
sorbing additives.

The modular design is adopted for installation that allows to convey it
on different objects.

Characteristics of the installation.

1. Installation capacity:
- on concentrate of liquid radwases , m3year 100
- on cement compound, m3/year: Up to 142
2. Concentration of salts in radwaste solutions, g/l ] ~Upto 200
3.  Quantity of components on cementation of one barrel:
- concentrate of liquid radwastes , | 126
- cement, kg 180
- sorbing components, kg 10
4. Weight of barrel with cement compound, kg Up to 350
5. Specific weight of cement compound, kg /| 1.8-2.0
6. Volume of barrel withcement compound, | 200
7. Radiochemical composition of liquid radwastes Co-60, Sr-90,
Cs-137
8. Average chemical compos ition of liquid radwaste
concentrates : HCO3 - 25-35%
CtH 18-25 %
S04-2 10-15 %
NO3- 1-2%
Ca+2 8-12 %
Mg+2 1-5%
Na + 8-12 %
K+ 4-8 %
NH4 + 0.1-0.3 %
Fe+3 1-3%
Petroleum 15?77
PH 6.58.5
Density, g/l 1.045
9. Specific activity of liquid radwastes concentrate , Ci/l 1x10™
10. Consumed electrical power, kw Uptob
11. Operational mode of the installation Periodic
12. The design of installation Modular
13. Quantity of modules at transpotation 2
14, Overall dimensions, mm
Module 1 3500x1350x2000
Module 2 3500x2600x2000
15. Weight of the installation (net), kg
Module 1 1000
Module 2 2000
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4, Installation for cementation radwastes on Moscow NPO

“Radon”.

The modular installation of cementation with the vortex mixer designed

for processing of liquid radwastes concentrates, pulp of ion-exchange resins

and inorganic sorbents.
Cement compound obtained on the instaliation with activity not more

than 5x10* Ci/kg is packaging in steel barrels with volume 200 |.

The installation consists of following modules:

- preparation of cement mixture;
- transport;
- preparation of pulps;

- preparation of inorganic sorbents ;

- preparation of ionexchange resins;

- pumps-batchers;

- ventilation;

- control panel,

- electric switchboard.

Characteristics of the installation.

1. Capacity on cement grout, m “hour 1.5
2. Capacity on liquid radwastes (at (water/cement ratio— 1.0
0.75), m*/hour
3. Concentration of salts in radwaste concentrates , g/l Up to 1000
4. Cementing material Portland cement
M400 and M500
5. Density of cement grout, kg /| 15-2.2
6. Rate of Cs-137 leaching, g/ sm*xday 2x10~ ~4x10°
7. The sorbing additives Bentonite, natural
zeolites
8. Quantity of the sorbing additives, % of weight of 1-5%
cement grout
9. Quantity of superplasticizer, % of weight of cement 0.1-1.0%
_grout
10. Water/cement ratio 04-08
11. Specific activity of reprocessed solutions, Ci/l Up to 1x10°
12. Operational mode Periodic or
continuous
13. Process control Manual or
automatic
14. Primary packaging Steel barrel
V=200
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15. Service life of the installation, years Not less than 10
16. Total mass, metric ton 27
17. Consumed electrical power, kw 150

The modular installation of cementation with the vortex mixer provides
high quality of cement grout, has capability of fast change of its structure
depending on kind of reprocessed radioactive waste, allows to reprocess
waste with the considerable contents of solid suspended matters and enables
to lower quantity of secondary waste (decontamination water used for
washing of the mixing chamber).

5. Iinstallation of cementation of liquid radioactive waste

“ATOMmash”.

The modular installation of cementation is designed for solidification of
concentrates obtained at evaporation of liquid radwastes, pulps of filtering
maretials and liquid organic waste of low activity level.

Cement grout with specific activity no more than1x10* Ci/kg obtained

on the installation is packaged in steel barrels with volume 200 1.
Characteristics of the installation.

1. Capacity on cement grout, m “/hour 1.0
3. Concentration of salts in radwaste concentrates , g/l Up to 200
4. Cementing material Portland cement
M400 and M500
5. Density of cement grout, kg / | 15-2.2
6. The sorbing additives Bentonite, natural
zeolites
7. Quantity of the sorbing additives, % of weight of 1-5%
cement grout
8. Quantity of superplasticizer, % of weight of cement 0.1-10%
grout
9. Water/cement ratio 04-0.8
10. Specific activity of reprocessed solutions, Ci/l Up to 5x10*
11. Operational mode Periodic or
continuous
12. Process control Manual or
automatic
13. Primary packaging Steel barrel
V=200

In conclusion the basic characteristics of the installations of
cementation designed in Russia are presented below.
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Basic characteristics of the Russian instaliations of
cementation.
The Place ofiocation of the installation
characteri- RTP RNC“NITI" Moscow ATOMmash
stics “ATOMFLOT” | Smolensk NPP SPA
of the “RADON"
installations
Composition Liquid Ash from Liquid Liquid Residues from
of the radwases with | incineration of | radwastes with | radwastes with | evaporation of
cemented salt content up combustible salt content up | salt content up liquid
radwastes to 200 gl, solid to 200 77, pulp to 1000 g, radwastes,
hydroxide pulps radwastes . of ion-exchange pulps of ion- pulps of
and pulps of resins and exchange resins filtrating
inorganic inorganic and inorganic materials,
sorbents sorbents sorbents liquid organic
Low level
radwastes
Capacity on Upto 1.0 Upto 2.6 Til1 0.13 Upto15 Upto1.3
cement — m Yhour Kg / hour m hour m>hour m¥hour
grout
Specific Up to Up to_2 Up to Up tt_)‘ Up tg‘
activity of 6x10 1.0x10 1.0x10 5x10 4x10
cement grout,
Cilkg
Type of The protective Steel barrel Steel barrel Steel barre} Stee! barrel
cement grout concrete V=2001 V=2001 V=2001 V=2001
package container
UNZK-150-
1.5P
Design Fixed location | Fixed location The modular The modular The modular
features of in building with | in building with installation installation installation
the radiation radiation
instaltation protection. protection.
Development Installation is The working The cold tests Installation is The working
stage mounted on documentation of experimetal mounted on documentation
RTP is designed Instaliation Moscow NPO is designed
“ATOMFLOT" | and confirmed | was carried out | “RADON” and and confirmed
and now is in by regulatory now is in by regulatory
industrial autorities. industrial autorities.
testing exploitation
Enterprise- SverdNlichim - Gl RNC “NITIF" Moscow NPO
Designer mash VNIPIET “RADON" “ATOMMASH"

3. LARGE SCALE EXPERIENCE OF APPLICATION OF CEMENTATION
METHODS FOR CONSERVATION OF RADIATION-HAZARDOUS

OBJECTS IN RUSSIA.
Up to the present time in Russia there is no experience on applying

of cementation for conservation (closure) of waste tanks. It is connected with

that waste tanks in which the main part of the accumulated radwastes is
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stored in Russia manufactured from corrosion-resistant stainless steel that
reduces to minimum hazard of affect of these wastes on environment.

The radiation-hazardous objects of nuclear fleet removed from
exploitation have significantly larger hazard to environment therefore on
conservation of these objects it is paid prime attention now.

To the present time the large scale works on conservation of two
objects of nuclear fleet were made:

- floating technical base “Lepse” (ship assigned to maintenance of atomic
ice breakers) of Murmansk marine shipping company;

- two reactor compartments of nuclear submarines in former training center

of the Russian Navy in Paldisk Estonia.

1. Cementation of intertank space of burned up fuels storage on
“Lepse”. '

For adjustment of radiation conditions on “Lepse” in accordance with
the present Russian standards in 1990 it was accepted the decision to fill in
intertank space of burned up fuels storage on this ship with concrete -
conserving agent.

The monolith formed by concrete - conserving agent should become
an engineering barrier ensuring increase of strength of all construction and
also as immobilization barrier to prevent possible migration of radionuclides

from burned up fuels storage in environment.

1.1. Design of intertank space of burned up fuels storage on «Lepsen».

The burned up fuels storage on ‘Lepse” represents located in the nose
of the ship rectangular compartment with metallic walls inside of which
there are placed two cylindrical tanks with burned up fuel assemblies.
Assemblies are placed in capsules arranged by concentric series and
intercapsule space is filled by water serving for cooling of capsules. The water
circulation is provided with special system. The tanks are closed by rotary
covers permitting selectively to open access to capsule and assembly which
must be overload.

Burned up assemblies storage has the internal sizes 4800x10150 mm
and walls with thickness 420 450 mm. The tanks having diameter 3600 mm

and height 3440 mm are made from stainless steel with thickness 10 mm.
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For creation of engineering barrier in intertank space it was necessary

to fill it with 102 n of cement mixture. It was made with the purpose of

strengthening of storage in view of possible accidents at all technological

stages of the management of burned up assemblies and at long-term storage

in repository.

1.2. General requirements to materials of engineering and
immobilization barriers.
To the cured cement mixtures:

- to provide protection of metallic construcrions of burned up assemblies

storage from corrosion under affect of the external factors; do not accelerate

and do not instigate corrosion of available protective contours of storage;

- to be steady against long-lived radiation effect;

- to have high durability, the value of compressive strength of concrete -

conserving agent at the end of calculated storage time (500 years) should be

not less than 100 kg /cm? (10 W\Pa.);

- to be non-toxic, flame safety and fireproof.

The mixtures prepared for conservation of radiation-hazardous objects
must:

- to have flow characteristics indispensable for full filling of space of the
complex configuration; |

- the used mixtures should be not toxic, are explosion-proof and fireproof;

- mixtures and their rheological characteristics should provide a capability of
their mechanical preparation, transport, supply and stacking with usage of
equipment serially produced and used in building;

- the materials should be not deficient

1.3. General requirements to technology of conservation of the
object:

- the teéhnology of object filling with cement mixtures should be completely
mechanized and remotely operated;

- the technological circuit for object cementation should be highly reliable;

- mounting of the part of technological circuit for packing of mixtures in
radiation-dangerous zone and process of packing of mixtures should
requires of minimum workers participation at carrying out of all

requirements and standards of radiation safety.
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1.4. Materials and technology for cementation of intertank space.

In accordance with data of radiation safety service of Murmansk
marine shipping company the integral radiation dose of concrete in intertank
space of burned up assemblies storage for estimated time of storage of
“Lepse” will not exceed 1x10® rad. Thus for this object it is not required
applying of special highly radiation stable concrete. Outgoing from this for
filling of intertank space on “Lepse” the concrete on the basis of portiand
cement and customary fillers (sand, Breakstone) satisfying to GOST 10260-
80 was selected. Such concrete mixtures also fit to all, formulated above,
requirements: they are not toxic, are fire- and explosion-proof, the materials
to their preparation are accessible and mixtures preparation, transport, supply
and stacking can be made with usage of serially produced and widely
applicable in building equipment.

Due to modern achievements of concrete technology, it is possible to
receive not stratified homogeneous mixtures possessing high fluidity, capable
to stuff completely internal volumes of objects of the complex configuration.

At the same time, it, as a rule, demands of the heightened consumption
of cement. In this connection special attention was paid to limitation of
mixture temperature growth during cementation and subsequent curing of
concrete monolith to except thermal crackforming in concrete. On the basis of
the carried out experimental works for the solution of this problem it was
determined to do cementation of intertank space of burned up assemblies
storage on “Lepse” in October when climatic conditions near Murmansk allow
to receive concrete mixtures with temperature 5-10 °C without addition
cooling. This measure and usage for cooling of curing concrete of cooling
system of burned up fuel storage has allowed to limit temperature rise in
concrete no more than 35-40 °C that completely eliminated hazard of
dangerous thermal stresses in concrete monolith.

For cementation of intertank space on “Lepse” the concrete mixture on
the basis of low aluminate portland cement was used the composition of
which is shown in the table 1.1.

1
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Table 3.1.
Composition of concretes used for cementation of intertank space of
burned up assemblies storage on “Lepse”

. i . The consumption of
The naming of materials, Units of . 3

) materials on 1 m® of
parameters of concrete mixture | measurement

concrete

Portland cement:
of the mark: “400" |Kg 415 -

- "500" |Kg - | 380
Sand Kg 650 .| 740
Breakstone (size upto 20 mm) |Kg 975 1020
Water : cement ratio 0,48+0,5 0,42+0,45
Additives:
Superplasticizer S-3 S3

Concrete mixtures were prepared on usual concrete plant and
transportation of concrete to “Lepse” was made with help of automobile
concrete mixers.

The system consisting of the “Wartington” concrete pump and
concrete line connected the pump placed on a coast with a receiving hutch on
“Lepse” was used for stacking of concrete. In total in intertank space was
pumped 110 m? of concrete, on what it was required about 6 hours.

The check tests have shown that the concrete monolith has no
defects, the compression strength of check samples of concrete in the age of
28 day was equal to 27.6mPa. Thus it is possible to draw a conclusion, that
the conservation of burned up assemblies storage on ‘“Lepse” has passed
successfully.
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2. Decommissioning and preparing to safe storage during 50
years of reactor compartments nuclear submarines in training
center of Russian Navy in Paldisk Estonian Republic.

Training center of the USSR Navy in Paldisk was put into exploitation
in 1967. There were two real reactor compartments of nuclear submarines
and necessary power equipment, (steam generators, turbines etc.). The
nuclear power plants in training center were working up to 1989.

After finding by Estonia of the status of the independent state it was
raised the question about liguidation of training center of Russian Navy in

Paldisk. In accordance with intergovernmental Agreement between Russia

and Estonian Republic nuclear objecs of training center must be

decommissioned and prepared to long-term (50 years) safe storage till 30

September, 1995.

In accordance with this agreement it was carried out complex of works
including:

- comprehensive engineering inspection of the objects;

- elaboration and adjustment of the.concept of decommissioning and
preparation to safe storage of nuclear objects of training center,;

- elaboration of the project documentation for carrying out of the works and
technology of cementation of reactor compartments and other systems of
nuclear power plants,

- hermetic sealing of reactor compartments;

- conservation of reactors, equipment and systemsof nuclear power plants;

- building of protective shelters (sarcophagi).

The complex of buildings and facilities of a training center provided
realization of all technological operations indispensable for exploitation of
reactors and other systems of nuclear power piants in conditions maximum
approximated to real.

At exploitation of the installations the carrying out of the following
operations was required:

- storage and audit of fresh fuel assemblies, rods of management and

protective system etc.;

N
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- recharge of active zones of the reactors;

- replacement of separate components of reactors and equipment of the
steam generating installations;

- cooling of the burned up fuel assemblies;

- cooling of radioactive components of reactors and equipment of steam
generating installations;

- loading of cooled burned up fuel assemblies on an external transport;

- disposal of the radioactive equipment.

The systems of training center provided carrying out of all these
operations,

2.1. Comprehensive engineering inspection of the nuciear objects
of the Navy training center.

Comprehensive engineering inspection of nuclear objects of the Navy
training center was made to obtain the data necessary for designing of
technology and documentation for decommissioning of these objects. The
inspection was conducted in two stages. The first stage was done in January,
1994 for elaboration of the concept of decommissioning of nuclear objects
and second stage was made after discharge of nuclear fuel from rectors and
disposal of liquid and gaseous mediums from systems and equipment to
obtain the indispensable addition data for designing technology of objects
conservation and preparing of projectbudget documentation.

Engineering inspection included:

- estimation of actual condition of buildings, equipment and systems of
reactor compartments and other equipment of nuclear power plants;

- itemization of the design and technological solutions on equipment and
systems disassembly and their preparing to conservation and long-term
storage;

- full-scale measurements of overall dimensions of a reactor compartments
necessary for designing of protective sheiters;

- radiation examination of reactor compartments, buildings and territory.

| On the base of results of engineering inspection the following
conclusions were made:

- the dose rate of Y~ radiation on territory of training center is equai to 16 -

May 13, 2002
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23 {-lth and corresponds to background values for the given terrain,

- technical condition of buildings and equipment is satisfactory;

- the radiation examination has shown, that in all placement, excepting
reactor compartments, there is no excess of background values 8- and y-
activity;

- y ~radiation dose rate in reactor compartments is equal to 0,1 - 23 mR/h.

The obtained results of engineering examination have allowed to accept the

optimal and economically reasonable solutions at elaboration of technology

and project documentation. '

2.2. The concept of decommissioning and preparation to safe

storage of nuclear objects of training center

The modern concepts of decommissioning and preparation for long-
term storage of nuclear objects envisage their deep decontamination and
disassembly, including constructions with induced radiation. The realization
of the similar concepts is connected with formation big quantity of highly
active solid radioactive wastes and secondary liquid radioactive wastes.
Processing and solidification of these wastes are very complex, expensive
and long-timed processes requiring of creation of new productions.

In conditions of a nuclear training center in Paldisk the indicated
concept could not be used because of very short period of time which was
given on all works (nuclear objects of training center must be delivered to
Estonian party till September, 1995) and also because of the limited financial
capabilities of Russian party. All this dictated necessity of acceptance of new
more optimal solutions.

in view of IAEA principles of safety and technical criterions for
underground disposal of the radioactive wastes (serial of issues on safety, No
99, Vienna 1990, the section 3 “ Principles of safety ") was necessary to find a
solution answering to the following requirements:

- providing of safety ;

- liability before the future generations;

- consequences in the future: “ It is necessary to ensure a degree of
isolation of highly radicactive wastes at such level that there were absent
predictable kinds of risk for people heaith or consequence for ar
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environment in the future, which wouid not be acceptable today ”.

For carrying out of the indicated conditions and requirements, on fifty
years period of reactor compartments storage in accordance with really
existing radiation situation, it was necessary to create a number of
engineering barriers precluding migration of radionuclides in environment and
eliminating unauthorized admittance of the people into reactor compartments.

The following system of rector compartm ents preparation to long-term
storage was adopted to realization:

- preparing of devices and systems of reactor compartments and steam
generating installation to conservation with the help of concrete -
conserving agents;

- creation immobilizing and engineering barriers inside reactor
compartments;

- building protective sarcophagi outside of reactor compartments designed
for protection of reactor compartments from extreme impacts natural and
technical origin within 50 years.

The preparation of devices and submarine inner ¢ pmpartments and
of steam generating installation to constitutes barriers for disassembly and
deleting of the uncontaminated -equipment was done prior to sealing reactor
compartments. The hermetic sealing iinvo]ved p_lu_gging pipé lines, holes
in body of reactor compartments with grout prior to the Compartment test on
air-tightness. Besides these works dehumidifying of air inside reactor
compartments and deposition of outside protective coatings on bodies of
compartments were made.

In result of engineering inspection the list of equipment and devices of

reactor compartments must be conservated with help of special concrete

mixtures was determined.

On the basis of results of researches of properties of special portland
cement mixtures, presented in this review, for conservation of reactor
compartments the mixture No 2 was selected, in which as the main
components of mixture except of cement will be used finely divided shungizit
and shungizit sand. For giving high fluidity to concrete mixture in it the
superplasticizer S-3 was added, and for increase of concrete gas

permeability the component SDO was introduced.

May 13, 2002
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The composition of concrete, which were used for conservation of
reactor compartments and the creation of external shelters (sarcophagi) are
shown below.

Composition of concrete mixture No 2 for conservation of reactor
. compartments (consumption of materials on 1 m? of concrete):

Portiand cement of Pikalev plant M 500 - 726 kg

Shungizit filling material -259 kg
Shungizit sand -621 kg
Water -372 kg
Superplasticizer S-3 - 54 kg
SDO -0.4 kg

Mean density of concrete of 2000 kg / m®

For building external shelters the concrete of the following composition
was used (consumption of materials on 1 m? of concrete):

Portiand cement of Pikalev plant of M 400 - 400 kg

Sand - -512kg
Breakstone (fraction no more than 10 mm) - 836 kg
Water - 246 kg
Superplasticizer S-3 - 6.0kg

Mean density of concrete of 2000 kg / m®.

All activities on conservation of the equipment of reactor compartments
~ and building of external shelters were finished to the end of September, 1995
and were adopted by the Estonian party which stated that the carried out
works guaranteed safety of decommissioned reactor compartments on
demanded period (50 years).

CONCLUSION.

The results of done researches have shown that the composition of
portland cement mixtures has high influence on properties of these mixtures.
Changing composition of cement mixtures it is possible to obtain mixtures
possessing complex of properties in the most degree adequate to areas of
their applying.

May 13, 2002
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in the present review we considered two fields of application of
portland cement mixtures: _

- conservation (closure) of radiation - hazardous objects of atomic
engineering, in particular of waste tanks, reactor compartments of vessels
with nuclear energy installations etc.;

- solidification and preparing for long-term storage of the liquid radwastes.

The optimal complex of properties of cement mixtures designed for
applying in each of introduced above areas can be various.

So at usage of these mixtures for conservation of radiation - hazardous
objects with high-level of radiation the important value has a high gas
permeability of using mixtures because that allows to ensure going out of
radiolytical gases without disturbance of concrete monolith integrity. For
cement mixtures intended for solidification of the liquid radwastes middle and
low level of activity the requirements of low leaching rate of radionuclides and
high stability of mixture at affect of groundwater and other factors of
environment of radwastes storage are going on the foreground.

Considering from these positions results of researches of portland
cement mixtures it is possible to make following conclusions.

For conservation (closure) of radiation-hazardous objects with high
level of radiation for which the release of significant amount of radiolytical
hydrogen is possible, the most favourable combination of properties has the
composition No 2, as it has a high gas permeability that provides output of
hydrogen from massive of the cured composition without disturbance of it
integrity.

For conservation of radiation-hazardous objects with low radiation
level, for which quantity of emanation of radiolytical hydrogen is insignificant,
and for solidification of the liquid radwastes the preference is necessary to
give to composition No 21, which has a low permeability, low rate of
radionuclides leaching and highest stability to affect of groundwater from
studied compositions on the basis of portland cement. Estimation of possible
service time of composition No 21 showed that even in disadvantageous
condition (groundwater flow in repository up to 100 m/year) durability of it
must be more 500 years — the time which is necessary for practically full
decay of Cs-137 and Sr-90.

SRS
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The technologies of cementation of radiation-hazardous objects of nuclear
fleet was elaborated with accounting of results of carried out investigation.
This permitted to make up to date the large scale works on conservation with
help of concrete of two objects of nuclear fleet:
- floating technical base “Lepse” (ship assigned to maintenance of atomic
ice breakers) of Murmansk marine shipping company;
- two reactor compartments of nuclear submarines in former training center
of the Russian Navy in Paldisk, Estonia.
In the short review it is impossible to present all results obtained in
cement mixtures researches carried out in Russia. But presented resuits
permits to formulate key technical questions that can be the matter of
analytical and experimental investigations in the potential Part 2 of the
project:
- elaboration of new compositions of mixtures on the base of cement and
other inorganic binders for liquid radwastes solidification and for closure of
tanks and other radiation-hazardous objects;
- looking for additives to cement which can strongly retain in cement
matrixes the certain radionuclides (Cs-137, Sr-90, Tc-99, +129, Np-237);
- investigation of radiation-chemical processes taking place at cement
mixtures irradiation to look up of the ways of decreasing of hydrogen
generation.
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5.0 ATTACHMENT B

Russian Low-Level Radioactive Waste Regulations (in Russian)
January 1, 2002
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HOPMAMW WM NPABUN3MKU B OGNACTH UCNONBLIOBAHWA BTOMHON dneprun. Onecenne
yX333HHBX BEWeCTB, MaTepnanos, nigenun, npubopos, obopyaoeamuns n obvextos
X PAANCAKTUBHLIM OTX0N3M ONPEACNAETCA IKCRNYATHPYIOUIEN OPFaNNIaUVER it
o6oCHCELIBARTCA B NpoOEKTE FAECPHOW YCI3HOBKH, PIANALNOHHOIO WCTOMMHKD ©
NYHKT2 XDINEHHUA. . '

17. Nepepaborxa XPQO - rexHonornyeckwe ONEpauwwu NO COKPaulenwo
obnLema, MIMEHEHNIO 3rperar-Horo COCTORKKR K {(MNK) HUINKO-XNMUIECKUX CBORCTB
XPO.

18. Nporpamma ofecneveHHA KavecT8a - AOKYMENTANLHO OQOPMNENHLIA

KOMNNEAC OPf3HHIA UNOHHO-TEXHHYECKHX # APYIUX MeponpuATHA no obecneuenwmo -

XauecT18a, NO3BONRAIWMX PYKOBOACTBY IKCANYITHPYIOWER OPFaHulauvn  u{nunw)
OpraKnlIauwnn, spinonuAoumx  pabory wn NPEeROCTaBNRAIOWNX *  yCNyrw
ICANYITHPYIOWER oOpranniaynu, y6eanTeCR 8 TOM, NTO BCR NEATENLHOCTL.
BAMAICLIBA M3 RAEPHYI0 W paanaunoHHyo GelonacHoCTb, OCywleciBnfetca B8
cootBeICTBUM € TpedoBaHrARMU eaepanchmx HOPM W npasuwn 8 o6nactn
MCNONBIOBAHUR ATOMHOW JHEPIMU K APYTNUX HOPMBTHBHBLIX AOKYMENHTOS.

19. C6op XPO - cocpepotoqenne PO 8 cneunansio o6opynosanibix
eMXOCTRY, ' .

20. Ynaxoska PAO - ynaxkosouHbiik XoMNAEKT (XOHYEAHED) C NOMELEHHLIMY B
Hero FAO, nommoa-neuuuv‘n ONR TPAHCNOPTHPOAIHMA, W (MNK) XPAHEHUR, K (1An)

JaXOPONEHNA,
21 Llemeumpoaamu XPO - _BumOvEHNE WPO 8 UEMEHTHBIR MATPUUHBIA
marepwran. .
22. Xpanenwne XPO - spemeHwoe conepxakve PO @ €MKOCTRX

{(xpannNNLWLAX), ,05ECNEYHBAIOWMX IFWHTY OT PAAMALMU W WIONAUWIO WPO, ¢
HAMEFEHUEM nocnenynmero uasnevennr XPO.

. 2. HAJHAYEHVE W OBNACTb NPUMEHEHURA

2.1. HacCioruwmn aokymedt yciamaenueaer Tpebosanua k obecneuerno
6e30nacnocTu npw cbope, nepepaborxe, xpaneHnu U KOHAUUNOHKUPOBaHWN XKPO Ha
AQELHMX YCTaHOBKAX, PAAWALNOHHLIX MCTOMHNKAX, B NYHKTBX XPAHEHWA RAEPHBLIX
MaTecuanoe v pagnoaxTuBHbix Bewects, xpanunnwax PAO (nanee - nywxTu
Aparernn) . ’

2 2. Macromiumha AOKYMBHT PacNPOCYPANREICA Ha  NpoexTupyemuie,
COOPYMAEMBIS, JIKCNAYITHDYEMBIE ¥  BLIBOAUMLIE M3 IKCNNY@TAUUK  HAEPHLIE
YCTanC B, PIAHAUNOHNLIE HCTOMNWKM M RYHKTH XPAHERUR NDH cbope, nepepaborxe,
XPAHEHUMU ¥ KOHAHUUOHNPOBAHIKM KPO.

2.3. HaCTORULA SOXYMEHT HEe PACNDOCTDAHRETCA Ha:

. obpawenna ¢ KPO, obpasyowiumuca npu nobwive n’ oborawennn pya ‘

PANUNOIKTHEHLIX BLWECTE W ADYMMX ONEIHBLIX UCHONAEMBIX]
. obpawenne ¢ XPO, HaxonneHHbIMU B noaepxnocmblx BOAOEMAX
06bLexTOB RAEPHOIO TONNKHBHOIO UKKNA.

-

3. CBWMNE TPEEOBAHNA K OEECHE\!EHMIO BE3ONACHOCTU NPWU CBOPE,
NEPEPABOTKE, KOHAWUMOHWPOBAHMUKX W XPAHEHWWU KUAKUX
PAQAOAKTNBHDLIX OTXON0B )

3.1. Texunuuecxne CPEACIBA W OPIaHUlaUMOHHLIE Mepbl nosobecneverwmo

pasrauwonnon . Geaonacroctn npu  c6ope, nepepaborke, xpakenwn W

B ——
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KOHANUWOHHDOBIHUK PO na nAcpHON YCTAHODKE, PAAVAUNCHHOM HoTOMMMEE B B

NyHKTE XPAHEKWR AONKHLI onpenenNATLCA WCXOLAR WI MDKCYMANBHON LONYCTUIAON
axTUBHOCTY PO 13 21ux obSvexrax U OfODHYNUDATE PAANIUADHHOE B8O3ARILTNO
wa pabornxos {nepconan), nacenzime W oxpywaiowyw) Cpeay  ypobuuam,
yctanoenesrsimn  Hopmamu pannauHONHel BEIONICHOCTH (HPB-28) n ppyrumn
henepanuHbiMm  HOpMAMK W npapunamMu B ODN3CTH WCAONLIOBAHWA BTOMHLW
INEPIUU ¥ HGPMATHBHDIMU AOKYMEHTAMY..

3.2. B npoekre RACDOHOR YCTIHOBKW, PAAMDUMOKHOCO NCTOMMWKS W =«
xpanenun aorxket GbiTk NpenyCMOTPEHB! KOHKDETHLIC TEXHWNECKUE cpenc
6esonacnoro cbopa, nepepaboTky, XPaHEHuUR W KOHAVUNCHUDOBIHWA o
palpabovannuie 8 cootaetciany ¢ TpebopannamMu H3CTORWEIO OXYMENTY, noyrpx
dbenepansHpix HOPM W npasnn 8 o6NACTH "MENONLIDRIHUA ATOMHON Iuepriv,_n
HOPMaTUBHBIX IOKYMEHTOB. - . . .

flpu oTCyTCTsUm HeobxonuMbix HODMATAOHBIY NOXYMENTOD Rpenfiraer e
KOHKPETHBIE TEexHWueckue pelenwns yCIAHABNUOMIOTCR W oSocucswBarnrca o
npoexTe RAEPHOR YCTIHOBKW, PAAMAUMONHOTO UCTOUHKKE ¥ PyHKTS APEHEHNR ©
COOTBETCTBAN C NOCTUINYTLIM YPODNEM RAYNN 31 TEXHWKA,

" ©33. TpeOOBauuR K  ROHCTPYMOCBANWN, WIFOTGONERMIO W MONTONY
obopynosanna,’ ApeanadHaveHHoro ANA copa, neoepaborm,  xpanenwn

“XOHANUNOHPPOBSHUA WPO, rpoexnponarAo COOTDRTCIBYIOWMK  EuCTEM

{3nemMenTOB) R/IEPHLIX YCTAROBOX, PANUALMTNHEIX UCTOUHUKCD % AYUKTOR XDIHEHUR,
2 vake Knaccudnkauna cuerem (anetaenT00) A of/OpYADBAHWA, NDELHAIHANTHHBIX
ann cbopa. nepepaboTiu, XpaHenus u ronauizonvposanun XFD, no nagnavernwo,
anuRNmI Ha 5eIonachocTe ¥ MO XAPIKT20Y BYINCTHROWIY UMY (ivHKUWA

~

He30NacHOCT, KATEFOPVAM CERACMOCTONMYOCTI, NOXIPD- ¥ a3NsB00RACHILTH -

yC13HaBNnaawTCR (heneDANbHBIMK  HODAIAN W O nNpasuEavy 8 onacT:
WCNOMNb30BIHKA atomHon IHEPIVK, DICNIMEHTHOYIOU NN obecnevyenue
6£30NaCHOCTH  AAEPHBIX  YCTIHOROK, PANANTACHHBIY  MCTOOHKZOB M PYHKTOD
XPAHEHUR W HACTORLMM [OKYMEHTOM. : .

3.4 YCIPONCTBO ¥ HAACHNOCTE CUCTEM (3nemesToB) MaepHOR YCTaNORKEY,
p:lnual.lMOHHOfO NCTOMNHNKD W nyuna RPAHCHUT, RCK‘/M'.?HTD\J“R' paboru no '.'.'."m)y,
nepepabotxe. Xpanenwio W XOHAVABICHPROBANWD YPC aonmust  panaTnin
OGLeKTaMK AEATENLHOCTH IXCANYATURYIUNLX CRraHKIAUND B ivnm) oPraruzauLy:,
eumonHAIoMX  PaboTbl W APEATCTIRIAMLUX NCOYOS  RCANYSTUOYIOLE
OpfanundauvaM, No obecnevenwio Kauessna B COCIAETCHMMM C RPOTDIMMOA
ofecneueHva  KavecTsa ACANYATUPY'OWICHA  ODFAHVIARM,  TORZOBAHWRMM
henepansibix HOPM W Apasun B oGNACTY ACNCNLIOBINNE ATORINOR IHCLIN W
APYINX HOPMATUBHBIX AOKYM.EHTOB. ) :

3.4.1. Nporpamma OCECrEUERNR XauRCT2A LONKHA SuiThPaNNARNEHA HA]

- OPfanniauvie 3chhexTMBHON  CVCTR 4Ll ACATOTONEG:,  NeoenCAroTORYM,

AODLIEHNA KBBMUDHUKALMK U ATTECTIUNA cA'OTHWERR (RepcoMana);
. wrKuMuIaUWo ofpadyrowmxes JiCTO ne BENAMKHE W AKTANUOCTY, MICCe
n obvemy. . .

.  XOMIDOAL K34ecvsa nocTannsemore CENOYROEMIT,  KOWRNEXTYIWVX

nanennin ® MaTepANoOr; ’ ] . ) ‘

. nonylenwe ROCTOLEPHOM W AOAHSNH MHDODMALIMA § XONUNBCTESHHOM 4

xaueCTBEHHOM COCI3se KPO R wectax “x - #ipayocama, cSooa,
nenepabOTKN, XPAHCKYA W KUNUALY CHEPGOIRYE,

~

~
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COpPi3HH33UMI0  XOMIPGAA  Kavecida npCseAEHUA  TeXHONOIHMUeCKHX
" npoueccop npu cGope, nepepaGoixe, xpaHenHn W xounnuuounpoaanuu
XPO;

e YCTauoBneHne cwcteMbt kputepwes kauecisa XXPO, xotopwm XPO
‘fonxuel  otsevats nocne cbopa, nepepaGoixu, xpaneHws W
XOHAKUKOHWHPOBANNA,

‘e

.- WCNONBLIOBIHME ' MEeTpPonofiYeckd aTTecToBaHHbIX METOAWK KOHTPONA

xayecisa XKPO v ncnuiTammil ynaxosok XOHAMUMOHKPOBAHNLIX OTXOA0S;

- OprannIayMIo XOHTPONA xavecTea PO W yNakoBOK KOHANLUOHKPOBANHBIX
0TX0A08;

« opranuaaumio adrpexTUBHOA CUCTEMBI JannceR K XPAHEHNR AOKYMEHTaUUN
npn cGope, nepepabotxe, xpaHeHnm W xoxauuuoHuposanuu PO,
BRNKOMARA nAEHTHNEBLNONNYIO - MAPKMPOBKY yNnaxosox
KG. INUMONIPOB aHHLIX '0TIDAOS.

3.4.2. B JasncwmocTn ot cranwm oGpawenunAa ¢ XXPO npu ycranosnenwu

xpuTepues xavectsa XXPO ponxHB yYMTHIBAaTLCA OCHOBHWIE Xapaktepuctiikn XKPO,
xOHTeAHepa n ynaxosku XXPO. . . \

3.4.2.1. Xapaxtepucruku XXPO:

*  XMMHYECKWH cocTas W pa30BOe COCTOAHNE,

o - .BENHNHHA CYMMAPHOR 3XTHBHOCTH;

e« PanuoOHYKOMAMLIA COCTas, BENUYUHE ynenwoﬁ anscha- wn Gera-
SXTHBHOCTH.

3.4.2.2. XapaxTepHCTUKn OTEepXaeHHbIX )KPO

3.4.2.2.1. BarymHbia xomnayHg:

* .P3nVOHYKNMAHLIA COCTaB, BENUuUMHa yaensHod ansga- w  bera-
SXTHBHOCTH, MOWHOCTH IXBUBINEHTHOW A0IbE;
« copepxanne ceobofHoR BOABI B uounayune
e BOACYCTOWNMBOCTL;
« TepMUYECcKan yCTOWINBOCTD,
- PanXaUMONHIA YCTOAUHBOCTS,
« G6uonoruyeckan ycTroRYnBOCTS.

3.4.2.2.2. UemenTHbIA XOMRAYHA: .

*  PaAMOHYRAMAMBIR  COCTas, BenuunHa ynensHod aneda- wu Gera-
3XTHBHOCTH, MOU[HOCTb IXBUBIANEHTHONA /10ILI;
« BOROYCTOWYWBOCTD,
e MExXaHMueckan NPOUHOCTD,

_ e P3nUaUWMOHNAR YCTORUHBOCTH,;

e TEepMHYecKan yCTOAYMBOCTb.

o -

.3.4.2.2.3. Crexnononobubie Matepuanst: .
- pannouymupnuﬁ COCTaB, _Benwunna  yaenbHon aneda- u  Gera-

BKTHBHOCTH, MOWIHOCTL IKEUBANEHTHOMR AO03bI;

« coctas cpocdhartibix maTepwuanos;

- OQHOPOAHOCTL OTBEPMGEHHOIO MaTepuana;

- TeruosbineneHue;

« BOACYCTORYMBOCTSL; -~ .
« TEepMHYECKan CTOMKOCTD,

. * P3IAULMONHAR CTORKOCTS;

o MeXaNEcKan NPOMHOCTS;
o Tenodimanieckne  ROHCTAHTKL  (TENNONPUBOJIHOCTL, KO mumentr
TepMHIECKOIO PACILpennn).

7
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3.4 2.4 ASPSAIEPACI A AUniciiizg 3 ond o
« XOpPPOIMOHNAR CTOAKOCTB, PIAWIUHOHHAA CTOAKOGTH,  KoMchMryp:: it :
(reoMeTpuyecKue PaMepht) - ANA METIANHMECKOO KONTehKepa; '
¢ NNOTHOCTS,  NOPUCTOCTS, 80AONPOHHUIEMOCTS,  TBIONPOHMLIEMAC .|
MOpOJOCTONKOCTb, P3AU3UNOHHAR CTOMXOCTh,  “CroixocTs .
MUXPOODFaltnIMaM, - NneceHn W  rpubxam,  ROxapoycrofunodt
. xonurypaumn (reomerpuiecrre paimepsl) - ANR Xeneioberoin: ;
. XOHWTeRHepa, . : .
« WHBI® XapPaKTEpUCTHKY, ORNpenenAlUe HIONWPYROWYIo cnocolit -
xoMTeRnepa. .
3.4.2.5. Xapaxtepuctuxu ynaxosxy XKPO: ‘
e P3AMOHYRAMAHBLIA  COCTaBl, " BenWuMHA  YAGNSHORA anmiba- u' e
« ' aKTMBHOCTH, MOLIHOCTb IXBUBINEHTHON AO0ILY,

o BERWUNHDE CYMMIPHOR XTUBHOCTH, . o
. « OfiHOPOANOCTS, - :
. MEXaHU4EeCcKaA NPOYHOCTL (CTarvueckue, AWM3Nuueckise, YA,
Harpy3xm); '

« YCTORYMBOCTS K TENNOBLIM HIIPYIXAMH W TEPMUNECKVM MKNaM;
. PapMaUNOHHARA YCTOAUMBOCT. * ’
3.4.3. Cuctema xoHtponn xavectsa XXPO K xOHARUMOMMPOBaKMLIX OIX(- 1. .

. ROMXHa BRUIOYATL KOHTPONL-XAYECTaa. ¢ .

. npoyecca c6opa XKPO;
. PO, Hanpasnaembix Ha nepepabortxy; '
" npouecca nepepabotxn PO, -
MATPUUHBIX M3TEPUanos;
npouecca orsepmxaeHna XKPO;
ortsepxaenusix XKPO;
YN3KOBOK XONAWLIMOHHPOBAHHBIX OTXOR0B.

OGbem XONTPONA XKaMeCTBa YCIaHaBNKUBABTCA B NPOEXTE AgepHOA yCTaN Ny
P3ANAUNONHOTO MCTOUHMKS W NYNKT3 XPIHEHHR W [ONXeH obecneyngars nony e '
noctosepHoii wndiopMauun © xapaxtepuctuxax PO, Matpwumix matepunin.t

otsepxaexHbix YKPO u ynaxkoskax XOHQUUUOHKPOB3HHLIX-OTXOgos, . ’
’ - 3.4.4. B nporpamme obecneyenns X3vecrsa QoNNHW Gute ycramonneir .
NOPRAOK ¥ Npoueaypsl Perncipaunu HapyWeHnR KpUTEPHEs xayectesa JKI'\) -
XOMAUUKOHUPOBAHHBIX OTXOA0B, @ TAIOKE DPIAHWIAUUH cGopa, #6paborkus u anaies;
A3HHLIX O KAPYWEHNAX W NPUIKHAX KX BOJHUKHOBEHUA,
’ Mo pe3ynsIataM aHanwia npuikH HapyWeHUA RONNHW paipabateiai! «
NPHHUMATLCA KOPPEXTHPYIGIWUE MEPHL 10 NPEAROTBPALLIEHWIO KX RosTOpEeHUA. .

3.45. -3xcnnyatvpyloWwan, OpraHWlauvA  RONX0@  xoWTponmMpu.:a:
adhexTHBHOCTS peanulayun nNpofpammel obecneveHus. Xectaa Ha apr:ie-o
YCTaHOBKE, PBAUSUMOHHOM WCTOUHWKE W 8 NYHKTE XDIHEHW gyTem fAposep: v,
NpoBEePOK (MHCHEKUWA), BRNIOHIIOWUX: )

. Bepwhyxaumoc  eeaeHnA TexHONOIMYECKHX  NPXieccos npu €G- ;-

. nepepaboTxe, XOHAWUUWOHUPOBAHWW W XpaHewws XPO s pa: .o
yCTaHOBREHHBIX NPOEXTOM NApPaMeTPoB B COOTEETCIsuM C TpeGonare: +: .
denepanuHuix HOPM W Npasun 8 OGNACTH WCIMMIOBAHMA BTu**: -5
aHEeprHK Il YCNOBUAMHK R[ERCTBUA NWUEHINU FOCYSIPCTBENHOrD ©f:n:.
perynuponanun GeaonaciocTi Npu HCAONLI0BAHHK SoMHOA :meprm;

. npooepxy psGotrocnocoGHOCTH CHCTEM Yiipasinehus mxnonom-m.'n..

NPOLECCIMIH H HX KOHTPONA;
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e NPOBEPXY COOTBETCTBHA x34ecTBa XXPO u ynaxoaox xonnuuuowpoaanuux
OTXOR08 KPUTEPUAM XIUECTa,

"Moo scem  swiRBNAEMuIM  NPW  nposepxax (uncnexuuux) cnwauu O -
. . T00TE@TCTBMA A0NMHL GbiTe NDUHATE KOPPEXTHPYIOWME MepLl,

3.5. Npwn cGope. nepepaborxe, xpavewun W xomguyuoHupoaaruw XPO

.m0 obecneunsaruen: .

- nopaepwanue 1pebyemoro yposHA GelonacHocTh npw oGpamemu € XPO

R3AK € UCTOUHKKAMU HOHRINPYIOWLID HINYNEHNA,
« ~ MCKNIOUEHKE HeoBocHosaHHoro oBnyuenna paboTHukos (nepcorana); .
« CBEEHHE K PAIYMHO AOCTUMMMOMY HMIKOMY YypaBHIO OOnyuenna
pabornnxos (nepcoHana) W HaceneHus € yMeTOM CIHWTapHBX Npaewn,
HODM M _TMIMENHNECKAX HOPMATHBOB, JIKOHOMMYECKMX W COUMANbHLIX
daxTopos;
« NpegfotepalteHve BOIMOMHBIX 2Bapuil ¢ PaAHBUNOHHLIMK NOCNEACTBUAMMW
w ocnabnerne ux NOCNEACTBHA B CNYN3e NX BOIHMKHOBEHWR,

» conpawenns obvema XXPO;

. noarotosxa XPO «x xpanennio wn (W) a3axopoHenwid nocne wx
XOHAHUWOHNPOBAHNA.

+ 3.6. MpoexToMm ANEPHOR YCT3HOBKW, P3AMBUMOHHOIO WCTONHWIG W nymaa
Mewna  ponxHa  Guime yCTaHoBneHa  xnagcnduxauus NCMELENHNRA, *
=RHaIHANEHHYIX ANAR cOopa. nepepaboTaM, XPaHEHMA M KOHAWUKCHWPOBBHWA
0. no B3pwiBO- ¥ NOx3apHOon GeIONACHOCTH B8 COOTBETCTBMKW C TpebosannAaMu
AEPANVHBIX HOPM K NPaann B c6NACTH NCNONBLIOBIHNA ATOMHOR IHEPIVIK,

KOMXDBTHBIE TEXHHHECKHE PEWEeHHA W OPIraHKlIaUWoHHbIE MepHl o
eCNEueNWIO  BIPLIBOIAWMT W NPOTHBONOXAPHOR 3almTw npm  cGope,
.pepalboTxe, XpaHewunw W KOHAWUMOHWpOBaHWW XPO YCTaHaRNMBAIOTCR W
/OCHOBLIBAOTCA 8 NPOEKTE RAEPROW ycrauoaxu PaAVAUNOHHOIO WCTONHWKA W_
MKT3 XPAHEHHA.

3.7. NomeuleHna, npearadvavennnia AnA cGopa, nepepabotxu, xpaneruna w
nanynonnposanna XKPO, gonxoist Guits oGopyaosansl CHCTEMOR BEeHTHARUWK,
‘eA0TBP3UIIOUIER IFFPAIHENHE BOIAYWIHOW CPEAN MOMEWEHNH K OxPYXaowWwen
SAN  PAfHOAXTHBHBIMK BELLECTBAMM M NOAAEPXMBAUEH KINMATHYECKHEe

‘noawA, HeoOxoanmple ANR  HOPMBNLHOR  axcnnyaTaunu  OGOPYAOBaHMA. T
13NAEMBIG NI NOMEWIEeHHI JArPRIHEHHBIA BOIAYX W M3 060pyROBaHKA ralu hepeq
-6pocou 8 atmociepy QONMHBI NOABEPIraTLCA OYHCTXE. ’

3.8. Npu cGope, nepepaboixe, xpanenuu W KOHAMUMOHWDOBIHWW PO
nmHbl Guite NpEgyCMOTPEH: -

. TexXHKUYeCKne CcpeaciIna #® opranu:aunonuue MepH! Nno ofecneuennio

rInNECxon Jaum T XMPO;

o TEXHWYECKHE CPEACTBA W OPraHvIaUMOHKLIE Mepul Mo npenorapauxeumo
npotedex PO u MHbIX NPoOUECCOB, NPUBOARUMX X NOCTYNNEHWIO
PAanuOMYITTRAOS 8 OKPYXAIOU[YIO—epesy 8 KONUYECTBe, MNpessiliatowiem
npesentl, yCTaHOBNEeHHBIE CIHWTAPHLIMW NPABUNAMH, HOPMaMU ¢
THIMEHUYECKMMU KOPMATHBAMH, HENEPAnbHLIMY HODMaMK 1 rpasunamu 8

. §6NICTH HCNONLIOBAKMUA ITOMHDR IHEPIMH; . :

. panuauuounuu KORTIDONS, lxmoua-oumu XOHTPONL J3MPRIHEHHOCTH

NOSEPXHOCTEW NOMELLIEHWH], oﬁopynouauwa u TpyonpoBoaca, MOWMHOCTH

JuBUBANEHTHOR N0, ynenuuoi AKTUBHOCTH M PIAROHYKNKWAKOMO COCTana
XKPO.
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Cpenctea v ofueM P2AUIUMOHHOIG KOHTDONA YCTaHaBAUBAWTICA 8 npoexte )
RAEPHOM YCTBHOBKW, PBANBUMOHHOIO UCTOURNKA ¥ NYHKT3 XDAHEHUA B COOTBRTCTANN
€ 1pe6OoBanNAMN CAHUTADHLIX NDADHA, HOPM R MMIMENWHECKHX HOPMaTUBOS
deaepanbHLIX HOPM U NPaBun B 06NacTw ¥CNCNLIOBINKA ATOMHOR IMepruw, :

3.9. Npu c6ope, nepepaGoTke, ApPANEHKH W FOHLYUHCHUDOBAHUK 5KPO
RONXHA BLITL KCKNIGUEH3 BOIMOMHOCTL! .

+  HEXOHTPONUPYEMOTD WIMEHEHWR B(PEraTHOre COCTCAWMA WPO. & tom

uncne 06p3308aHNE CCINXOB W OTNONMEHNW; N

o HEKOHTPONHPYEMOrO BOIHUKHOSEHHA INIOTEPMHUILCKNX DEAN Y

« HEKOHTPONUPYeMoro o0palosaHun KOPPOINOHHO AIPRCCHBHMX BeylecTa.

3.10. Npu cbope,” nepepabore., XPIHCHWA W KXOHAAUVONHDOB3KUM KPO,
conepwawmx SAEPHO-ONACHLIE AENAWMECH marepuans, Ao Dury uexmouena
803MOXNOCTb 803nnKHOBenwA CLIP. ) .

KOHCTPYXUHA ¥ rEOMETPKUECKAE PAIMEDD! 060pynoeanuR, NPEAHAINAUEHHOIO
Ana c6opa. nepepaboTxn, XPIHEHUR W KOHLWUUOHUDOBAHUA WPQ, cofepmaumx
AAEPHO-ONACHBIE AENAIMECA MITEPUANSLL, A TIKE NCORAOK NPOBEALHUR pabor He
AOMXHL! NPUBO/AUTE K BOIHVKHOBEHNIQ CUpP. i

CoslepxaHue AL2PHO-ONJCHBIX AENAWNXCH Matepwanos °

xoHAULUKMOHKPOBaHHbIX PO wn reometpuyeckan hopma ¥X YNAKoBOX AONKMLY
WCRAIONATH BOIMOXHOCTL B8O3HUxHOuennA CUP.
. NomeuweHna, 8 koToDbIX Haxcawrca obopyaosanve, NDENHIMauennoe AnR
cGopa. nepepaboTxn, XPAHEHWA U-LIHANUNOHNDODIHUA XPO., coaepxaumnx shepno-
ONacHbie AENALIMECA MATepuanti, fON¥Me HuiTe OCHIWEHL CUCTEMOR aBapritnon
curnanuiaunn CAC, XOTOPOR AONXHA IXKCNYyATUPOBATLCA B PeXMMe NOCTOAMHOW
roroanacTu oGuapyxennna CUP. . . .

Obecnevenue anepHon Gelonacroctu npw cfepe, nepepabore, xpakenun u
XOHANUMOKKPOBaNKK XKPO, cofep¥auMx ALCPHO-ONACHHIE LENSWMCA MaTepHant,
pernamenTupyeTCR  IeQepantbibiMK  HOLMAMW W MPaCKNaMy 8 oSnacTu
WCNONLIOBANUA .3TOMHOM  JHEPruW, OPpCAenaicumMMH  NDAMna ngepuon
GelonacHocT. :

3.11. Npa c6ope, nepepahorse, xpaneHin W XOMAULUOMIOOBIHUM NKPO
ponxwa GuiTs  NpeaycMOTpeHa  BOIMOMHOCTH Ae33xXTMBALMK  060pyZOBaNun,
1pyGonposonos, koHTeAnenos H nomewenwsi. OFopynosanune, IpyGonposoger »
NOSEPXHOCTH NOMEWEHUIA, NPeAHaIHavennsie anA cSopa. nepepaborm, xpanenmn v -
xonanuvonmposakna PO, acnxuw  ofnajats XOPPOIMOHHOR CYOfiKECILIO B
arpeccuBibIX CPEAAaX, HUIKOW COpSupyriwest CnocoSHOCTLI0 MNP oTnower:vo ,('
PAANOIRTHBHBIM BEeUWEeCTadM n Nerxo NCIAKTVIBNDOBATLCR.

. 3.12. C60p. NepepadoTxa, XPAHEHUE ¥ ZOHIMUMONUPOSaHWE PO coswecTHo
C HEP3AVO3XTUBKLIMIA OTXOAAMU HE DAIDLWAETCR.

3.13. C6op. nepepaboTxa, xpaHSHUE W KOHAWUKOHWDOBIHWE XKPO aomXHLI
AOXYMEHTHPOBATLCR B COOTBETCTEMM C nporpammon  obecnewenun xauecrsz. -
Kawpana napitun  (ynaxoska) XPU wa ecex JTanax obparenus + gonwma
CONPOBOMAATLER AOKYMEHTAUNEW, COLEDNIWENR EE .OCHOBHBIE XapakvepucCivkw, B
Tom uncne: - . : . _ _

3.13.1.C6op XPO: - . . -

« ncrounux obpazocsamuna; .

«  XONWYECTBOo;

. XUMHYECKWA COCTaB U Hal0B0Ee COCTORKUE,

+  BENWYHHA CYMMAPDHON AXTABHOCTA!
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- NEPEYEHb COKPAULEHWA

KPO - xupxne panuoannanue OTXOAY!

PAO pa;moaxmauue ovxouu

CAC - cucrema aaapmmon cmuanu:aunu

CupP - CaMONOANEPXUBIIOWIAACH yennan peaxuyus Aenetvn

XHKO - XxpaHUINLLE MUAKIX PaAMOaKTHBHLIX 0TX0A08B
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3, oo TR O ERENRERNA

1. BATYMHpOBANNE’ WPQ - swnguenne PAO B OGurymibid MaTpwiNbiA
MarTepuan. : .

2. BopoycToRmBocTL < cnocobnocte ,(ounayuna (ynaxosxi) coxpanate
CBOW CBONCTB3 ¥ ynepxneats srNIOHENNbIE B HETO PICKYINAB! NPW xoMTaxte C
BOAOW, . :

3. Bunepxxa XPO - xpaienve XPO¢© \{SNbI0 CHUKENHR PBAVOINTHRHOCTH
JennopLIAenenus 1a cieT pacnana XOPOTKONKNBYLINX p3AUOHYKIHAOS.

4. ﬂocmruyruﬁ ypopeéHb HIYKW W TexHurH S KOMDNERC HayuHbIx W
TexHuuecux ENEIEN 1exHQ-NOTNMBCINX, npoexTibIx ¥ xOHCTPYXTOPCXHX paapabortox
] onpeneqe«uoﬁ obnactn naywn % JexuuKK, KOTOpHIA NOATBEPKABH HAyHHBIMM
pcchenosatunMu NPaKTHYECKNM onLitaM K QTpaxen B MBYYHO-TeXHHUECKUX
matepwanax. .

5. KomnayHAa - M TPUMHBINA matepuan c BKINOHEHHBIM B vero PAO.

6. Konpuumonnpopaune WPO - onepauwv no WIFOTOBNEBINO YNARO::. -~
Q1XOJl01, RPWIOAILIX ann Gelondciola xpavennn ¥ (urm) TPBHCNOPTMPOBAHWA W
{wnw) 3axopoeHis. Korumummupoeauua MOXET BRIgWATH nepeson - PO »
c1a6unsiyns hopmy. nometenve PO 8 xoHTenHeps. |

7. Konrernep ANA PAQ-- emrocte, \tcnonbayeman AN cGopa, w (unw)
1PaNCNOPTHPOBAHUA, W (Mnu) Xp3HEHWA, W (Mnw) 33XOPONENNA PAC.

. Koppexmmpyrouins mepst - AEATENBNOCTY, € NOMOWKI0 *OTOpOit
yCtpansorcn HECOOTBETCTBNUA W npepovepawaeTCR nx nioprOpenue.

9. Masepuan MATPUNHBIA - uepanaoaxtusnuﬁ MBTEPUATN, HCNOoNbIYEeMbI
anA wmmolGunuaauus PO 8 MOHOIMTHYIO cTpYXTYPY. .

flpuwuwevanne. MpuMepamy MATPUUHLIX uaTEpnance RENsIOTCA Gutym,
yement, crexnonoaabupie Matepuansl. .

10. O6pautatne C WPO - nce BHAN AEATENLHOCTH, cBRIBMNIE CO COOPOM,
Tpancroptupasanienm, nepepaGoTxoA, XORANLNOHRPOBIHHEM, xpawenuem 8 {unt)
JaxoponeHnen HPO. . :

14. OGecneuenne xauectsa apH o6pauleHnH € PAQ - ananupyemas W
CUCTEMBTANECEV pCywiecT-aneman featensHOCTDL, nanpaBneNtas #a 7o, 4106l BCe
pabor no oGpauieyo € PAQ, enuaiotine H3 AOEPHYIO ¥ PAAVILMOHNYW
6eI0nacNOCTy, IPOBOARNUCE B cootsercrann € ypeGosanwamy EAEPaNEHLX HOP!A
# npaswn B ofHacT® MCNONLIOBAHNA 2TOMHNOR Mepruun | ADYIX HOPMBTUBHLIX
ALOKyMENTOB, 3 WX pelynsiarel yAoBneT80pRAN npenvRBREHHBIM TPE60BIHUAM.

12. OCTeXNOULIRANUO MPO - nepesost PAO 8 ctrexniononiolwoe cacronmne. -

13. Orsepwaerne WPO - nepesol PO s 10EpACE arperamoe COCFORHUE ¢
uensio ymeHswenun B80IMOKHOCTH MPTpauvv paRUOHYRMACS 8 oxpymaioulys
cpeny.

14. Omxoas! Munkue panuoaxmnm,m . PAQ 8 avuae Mpxux NpoAYKTOn
{sozuiix Wi opranwoecmx) wnu  nyneh, coaepXaumx  gaguonyxnuael I
pacraopeuuoﬁ diopme UM B BUNE pasecedt. -

15. OTxofbl KUAKWE pam\oannsuue opranuyeckua -0 8 anpe macen.
aMynscui macen 8 sone, pACIBoOPOs fetepreHTos, 3xCTarenTos ¥ 1.0,

46. Orxonnt panuoanuauu. . ne noanexauve [anwrefeny
MCNONbI0BAMNO BEuecIBa g noGom arperarHom COCTORHWM, Malepuansi, napenus,
npubopwl, obopyaosanue, oGuexTbl GrONOIIECKoro fPOMCXONRGHUR, 8 KOTOPBIX
copepxanne pauMonyRIMAoB npeswituaeT ypoen, ycranosnentse dienepansHeIMi

e ik
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«  paQUOHYRNLAHLIA  COCT3B, BeMMNa  yaentHoW . anbgia- M Gera-
aKTHBHOCTH, NaTa WX onpefeneHun; ’ -
« TMN KOHTeRNepa (ANR ynaxosku JKPO); ' -
&3 .  para ynaxosku (anA ynaxoaxm YKPO),
+  MOWNOCTL IKBHBANEHTHON 03B! (N yNakoBKu MPO), . -
. noBepxiOCTHOe Jarpallgnie xonTeRiiepa (nnn ynaxoexu XPO);
o WAEHTHEPRUMONHLIR 3HaK ynakogsu (Ann ynaxosxu XKPO);
« MECTO XpP3HEeHHR,
COOTREICTBNE XPUTEPUAM KauecTsa.
: 3 13.2. Nepepaborka XXPO:
- WcToink oGpaloaaniun;
«  meroam nepepaGoixu,
« XONWUMECTAO, .
«  xuMiiecx it} COCTaR K (hadunoe cocloniive, .
¢ BENWNUN3 CYMMAPHON aKTHBHOCTY,
. PAamMOHyXNMAHBNT COCTaB, BENHYWHA yaensuon  anuha- W Gera-
AKTUBHOCTY, 3Ta UX ONpeaeneHnn;
. 1IN xouTevnepa (anA ynaxoexu JKPO)
« A3Ta ynakosku (AnNA ynaxoexw MWPOY),
«  MOU{HOCTD IKBHMBANENTHOR 403t (ANA ynakoaxu HPO),
« _ NOBEPXHOCYIHOE JarpRanelne xonteinepa (ANA ynaxoeku WPO).
. MAEHTHE HXAUNOHNLIN JNI3X YN3X0BXN (ANR yNaxosxu WPQY);
« MECTO xpaHeHnA, )
3.13.3. Orsepxsienve H(PO:
« HMcTONHKK 0BpazoBanvsn,
. Metofu nepepaborxn, .
«  KOMWYECTBo;
«  BENWYYH3 CYMMapHOR aKTHBHOCTH,
. paawouy WIMOHLIA  COCTas, BenwIMN3 yRenshohi  anbha- w  Gera-
‘aKTMBHOGKM, 13T MX onpeneneuuﬂ
. ™n xomeuuepa
«  N3aTa ynakosxm;
. MOUMOCTH IKBHDANCHTHORN 7103kt OT ynaxonxu PO,
. NOBEepXHCCTHOE JArpA3IeNne xonTeiiepa;
¢ AAGHIRCCIIUMOHHBIN IHAK YNSKOBKK,
MECTO XpPaHEeHNRA,
3 13.4. Korguynomuposanue XPO: . v
«  ncrToqnnx obpalosanun; ' . .
«  KONWuECtTao; :
.  meroae nepepaborkwu;
«  METOM XTHAWUNOHVPOBAHNAL
. BENNUYHHB CYMM3pPHOW aKTHBIIOCTH,
«  PANMONYXNWAHBIK COCTaB, BenuuuIa  ynensiow anwpa- u Gera-
AXTHBHOCTH, A3Ta UX ONPEAENENNR;
« TV N HCMED KoHTeRHepa,
« Rata ynaxosxw; .
.  NOBEpXNOCINOE 2JArPR3NENne XoNTeRnepa, MOWHOCTL IKBWBANENTHOA
NO3bl OT YNAKOBKK W A3Ta wx onpenenennn,
A« WMABHTRGWKBUMONHIHDIA JHAK Y13XK0BKH, Co.
+  MECTO xpaneuns. )

.
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4. TPEGOBAHUA K OBECNEYEHWIO BE3ONACHOCTH nPW CBEOPE WUAQKUX
PARUOAKTUBHLIX OTX0OQ08 .

4.1, C6op )XPO nonxen aensamsca c6albhrensieiM IT3NOM MOATOTOBKM wy ¢
nepepaborxe, XpaHeina W KOHAWUMONNPOBINWO W obecneunsate WCkMmovenug
nocTynnemin PapMONYKIMACS 8  Oxpyxalouwlylo cpeay  Builue  Apegency,
yCT31IOBNENHbIX  CINNTIPHBIMK  NPIBUNAMU,  HOPM3MU W [UIKEHIveckuum

HopMmaTHaaMi, (HENEPBNBEBIMA HOPM3MK W npasunamu 8 o6NacTH UCNOM3IoBamN -

aTOMNON JHEPTUK, NYyTEM cocpendTovena WPO 8 cneunansHom o60pPYAOBIHUM,
4.2. CGop XPQO aonxeil npoBOANTLCA paJientHo 8 J33BHCUMOCTW OF°
«  uepuojia nonypacnana pasmonyxvpoe {menee 15 cyrox, Gonee ic
CyloK), - .
«  penuyHHLE YIeNBIOR aKTHAHOCTH,
. xoHyenTpaimi anbiha-akinBHbIX PIARCHYKAADD,
« XUMWYECKOFO COCTaBa; ' -
« ()paloporo COCTORHUA,
. npeanonaraemoro cnocoba nepepaGorru.
4.3. Oprannveckite 83pPLIBO- H NOXIPOONACHLIE XPO gonxibl Cobupanca
orAenbHo ot Apyrux swaos XPO. : :
4.4. Npn c6ope neoprameckux PO aonxiisi coGupareca pa3feneno;
. mManoconesuie soaHLie pactsopwl (C XOHUEHTPaUNER conen Menge 1 rimy;
.~ BbICOKOCONEsLIe BORNLIE pacTeopwl (C xonyeHtpauwen conen Gonee 1 tin);
. Wenounbie Mertannbl, HCNonb3oBaHHbIe B KkavecIse TENNOHOCKHTERA:
. CWMbIILIE OKRCNKTENW, .
«  XOPPO3INOHHO-3XINBHLIE BEWECTBA;
e+ XitMKHUECKH HEYCTOHYNBbIe Beilectsa,
« wonooGMentsie CMONLS,
- HEpnuT, BEPMUKYNUT ¥ Ap..
. turanoesuie copBenTes;
. UINAMB,
4.5. CGop PO nonxed NPOMIBOAWTLCA C OANOBPEMEHHLS  yueran

1peGosanun nn. 4.1—4.4 8 NOCHL0BATENLHOCTH, oGecneuisalowet MSmmanug .

goamoxnioe oGnyientte paGonmxons {nepconana). MocnenosarenbHoCTe onepagwi
no cBopy JXPO ycrarasiuwsaeicn W oGacuopuigaeIca B NPOEXTe " maepmoi
YC‘IBHOBKM: panuauuonnoro MCTOMHKKE W NYNKT3 XP3HEHURA. .

.4.6. C6oprumrit (emkoCTy, xoHTeRNeps! ¥ 1.4.) XKPO aonxHbl Pacnonararncs
xax Moxno 6nuxe kx mecty 06pa3opatini OTXOR0B.

4.7. YXPO, cofepxauime T0NbKO PaAHOHYKIHALI C NEPHOAOM RGMypactang -

meree 15 cyrok, fonxiibt cubuparbcn 01AENLNO W noanexar BbiAePXKe § Mectax
BpEeMEHHOro xpalielnun PO a0 cimxenna BENWMNILI WX yAenuHoW 3KMmenoctu u
eYHHbl UX CYMM3)HOW aKTHsiocth o0 JHaueHun, NPy xoTopbix P3AYCATHEEE
gsewecroa, o0cen(oxnaICA  OT  pernaMeHTauvu HopMamMu ~ Pafaimomen
Geaonacuocty (HPB-99). .

4.8. lna cbopa XPO ponxia Gbite NPEAYCMOTPEHA CHCTEMI CleumMaum
XANBNUIBUMM (cneuxananuiayun). Ecnu xonuuecTso o6pasyroumxcs XPO ye
npeswiwaet 200 n/cyr, AnA  ux c6opa MOTyT MCNONbIOB3THCA NomTefinepy:
{cGopunxn). TpeGosaumn K  kolrelhnepaM {c6opHuxam)  yCTaH3mmisnony
HopMa THMBHLIMW AOKYMEHTaMHN, )
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49 C6poc XXPO 8  xo3pircTBenno-iexansHyio  Kaiianulaiuo,
PPONIBOACTBEHHO-NNBHEBY O KIHINNIIUWO, ] nosepxiocTibie BONOEMbLS,
NOFNOWIAIOWMNE RMB), KONOAULI, CXxBAamKMHbI, H3 NONR OpoWeHNA, NONA tbum.rpauuu "
M3 NOBEPXHOCTL JEMAW JaNpeWaeTCA.

S. TPEGOBAHUA K OBECNEMEHWIO HE30NACHOCTU NPU NEPEPABOTKE
KMAKKMX PAOVOAKTUBHLIX OTXOR0B

- . - -- - -
5.1. Nepepaborxa PO non;;a obecneunsart, CUUCTKY Xuakon paiw XXPO
11 KOHUEHTPHPOBAHHE PANHOHYKNIKHAOR B MEHbLLUIEM obrene. :

He ponycraeics nonkoe o6eIsomnaanue BLICOKCCanessix BOANLIX PACTRONOD
PO B cnyvae BOIMOXHOIO IKIOTEPMUYECKOrO BIANMOACUCTBUR KOMNOHENTOB
cyxoro octatka WPO. o ' .

KonnpeTHuie YeXimueckue Mevoas W Cpeactss nepepaborxn PO
yCTanasnuealoTcA #  0DOCHOBLIBAOTCA 8  npoexte ANEPMOA  YCYaio8XW,
PIAUIUMOHHOTD MCTONHNKA W NYHKT3 XPIHEHNA.

5.2. Npu nepenaue (TP3HCNOPTHPOBIHNM) CONEBLIX XOHUEHTPATOB (xybosBuix
0C1a7X08) JKPO X MECTY WX XPOHEHAA W OTBEPNKIENAR AONNIB! GbiTh NPWHAT) MEPB
no npeaoTepaweHno 06palosanna OTAONKEHN B 1py6onpoooaax u obopyaceaiwm.

5.3., O6padycwmecr 8 pelyneiare nepepaborxn PO concewe
xOHUeHTpaTyl, orpabotaswwe copbenTul. wWNamel, oCaaNN ponwis  Gmire
KOHANUNOHNPOBAHLE B COOTBETCTBNUM C TPE6OBaRVUAMY HICTORWIEIO ROKYMEHTA.

54. Ecnm RONUEHTPIUMA DPIAVOHYKNMAOE W BpegMuLix  Bewects o
o6pasyroumxca B pesynurare nepepaborun IKPO ounuientbix 80Aax HE Npesuiaert

£ONYCTHMBIX XOMUEHTPAUWR, YCTAHOBNEHHLIX B COOTBETCIBWA C 1peGonarwamn -

COWMIAPHBIX NPUBMA, HOPM W (WIMEHMNECKHX HOPMATHBOB, (PEAepancHmIX HOPM n
npasun & 0OGN3CIN WCNONBIOBAWMA BTOMHOR JHEPIWN, TO OHW  MOryT 6b1Te
WCNONLIOBAHW ANA cOGCTBEHHLIX HyXa B cucieme OGOPOYHOrO BOAOCHaGMENWR
ANEPHOW YCTAHOBYW, P3AWAUMOHHOIO MCTOMHWKE W NYHXTA  XPAHEHUA  wnu
COPacuBaTLCR B OTKPLITYIO fHOPOCETH YEPe3 NpOMEXYTOUNYId KOHTPONLHYIO
eMXoCTh. .

6. TPEBOBAHMA K OBECNEMEHW BE3ONACHOCTU MPW XPAHEHWU
MUOKNX PAOMOAKTHBHLIX OTXOROB . .

6.1. Npu xpaneswn XXPO Aonxio obecneyneaTech HCUMOUEHHe:

. neohoCHOBaNNUIO 0BAYNenuR PatoTHWKOS (nepcouana);

«  OGNYMEHWA HACETEHNR Bbiie YCTIHOBNENHUIX npenenocs;

. NOCTYNNEMWA PBAVCHYRNWAOB B OKDYXAOWYX Cpcay Buile npenenos,
YCTaHOBAEHHLIX (HEAEPINLHLIMU HOPM3MU W npasunamn 8 obnactm
WCNOMBIOBAHUA  3TOMKOR  JHEPIWA W APYFMMW  HOPMATHBHLIMW
ROXYMENTAMU, . N N .

6.2. B npoexte AAEPHOR YCTaHOBKH, PanU3UNOHHOTO WCTOUHNKE W NYHKTa

spanenns  pomwkbt  GwTe  npepycmoTpenst TexHudeckue  cpencrtea
OpraHwlaunoHKsie Mepei No Gelonacromy xpaneHuio PO, 3 Taoke YCT3HOBNEHDL! Y
oBocHosany fonyCTuMbie obvems PO, wx PAANOHYXNMAHBIR COCT3B, BENWYUHA
axTMBNOCTH n Cposy xpanenna PO, - - .
6.3. Xpanenne Gonuwwux 0Guemos WPO [0NXKHO OCYWECTBNRTLCA B8
cnNeuvanuHo oﬁopynoaanuu.x . Xpaununuuax c cucCTeMon 6apvepos,
o memmaAOUIPR NOCTYNAENWE P3AHORYKIMAOB 8 OKXpyXalowywo cpeny smiwe
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npenenos, ycranoBnennuix (PejiepancHLMK HOPMaMu » npasunamu s obnasyu
MCNONLIODANUA  BTOMIGA INCPIMK W ADYTMMK  HOPMITHOHLIMK DOXYyMENTAMM, \
Texpwueckue Gapveps ycrapannwpaioten w o00CHORLIBAI0ICA B NPOEKTE RaepHOoN
YCTanosnw, PIANBUNOHHOID WCTOUHKKD .U NYHKTA XpaneHun 8 COOTpercrouu c
1pe60BaHUAMUY HBCTORWICIO ANKYMAHTa W ADYUX (henepanskelX HOPDM w npap»n 8
06M3CTY NCAONBLIOBAHNUA ATOMFOI JHEPIWA.

6.3.1. KOHCTPYXUNA ¥ KOKCTPYRUMOHNBIE MaTepuanst XIKO nonmue:: .

. NPenoYBpallaTs BLIXO/L PAMMOHYKNKAOR G CrpY»DIOWYI0 Cpefy ssnwe
npenenos, yCTangBNeHHbIX tbeqepanhnsu.m HOPMAMV M Apagunam o
OBNACTY NCAONBLIOBAKKA ATOMHON INEDIVK,

. ofiecneunsarts CpoX cnyxBu XIKO He wewee -CPOX3  Jxcnnyataumm
AACDHOR YCTAHOBKM, PALMALWOHHOIO UCTONHMED W NYHKT XxpaMEeHwn, Ha

. XQTOPOM OHO PAIMEWHO. :

O6uvem emxoctesn  XXO  gonxen  o5ecnewwsats - neoSxoawmyo
TEXHONOIMMECKYIC 3bIAePMKY WPO po wx nepepabotkM WM (unu) pacnapa
KOPOTKOMNBYILIMX PIANOHYMAOG. R i

6.3.2. EMEOCTH AnA xpanetna PO 20/MKkHb! GbiTe OCHAWEHLI]

«  Tpy6onpoBOADIMI ¥ DPMATYPRCH QAR ARUEMA MPQ, HaNPasN2HUA kX Ha
KOHAWUMOHWPOBAKNE, NONHOIO ONOPOMHEHNAR,

«  CPCACTAAMU XONTPONA: TCXHONOMMHRCRUAX N2ZPAMETOOR (Temneparypw,
flOBNEHNA, YPOBHD 8 #KOCTWY, OrHouaR CUC OIS CurHanuzauwa o
NPEOLILCHUW BEPYNEIO YIOAHA A EMKOCTY W KCHTRLMA APoTewex WIY 4y
€MKOCTH, ’ ) . .

«  PAAVAUNOHMLIM YOHTDONE, . .

. NPOBOOTCODPHLIMU VETDOHCTAIMK, fOIDONRICWMMK NPOW3BOAUTL otGop

. npob no scemy odvOMY €LIOCTAL .

+  YCTPORCTBAMW AANA INPCA NEHUR TONUIVHE {ABLICCToT) 0CARNA: .

. YCTPOWCTBAMU fANIA QVCH DIMZOBANUA W YIINENUA WAama (ocapra) w

OTNOKEHUN, ) P .
. o6opynoaannem wn 1pybonporcaamn AN3 nepefasn PaCTEOpoB, LNAVCE,
copleHTos # CMON K5 UANCH (-uxOCT & ADVIYQ! - -

. TPYGONPOBOAOM NELENVAZ, rivelitMeH=t.L' € BCIEDONOA emrcCiby, C
AnaMeTpom HoNsWM, Y2M Y NDLEMHOT0 TRy IONOCSCAA;
. TeXHONOIrMNECKON CLyBrOM NOor, PAIPENDHVEM, CBA3AHMON - ¢ cucTemont

TEXHONOIMIECKUX .. GAYEOK W NPEADTIDAURnWEd  o6palgeanie
NOLGULONHETO ARBAGHUR & SapOIANOM QB LUME BMANEIW;

»  CPEeACTBaMu KOKTRANT BOZOPofd. APEAYI0eaATeNbHOR w  nA3PWIHON
CWIHZNHIAUNSNH, NBTOIANTAUC N WA CPNACTP MR NONMDADAIASUISHUS W NPV
1eobxoAnNMOCTH NOXAPOTYWEHNS, -

.  YCTPOWCTBIMU, HE LONyCrICWUMU RORNDEMTEHUE  EMROCTM  W3-32
(1OGLILIEHMH B HUX ARACHYS UK WX DAKYYMINORIHUA. . .

~ 6.3.3. B eMKOCTRX AR XPANHCWAR MPD BLICOKOIQ YPOTHA IFKEHOCTH L0NMHNY
GuiTe ACNONHUTEALAD APEAYCIAUTIEH TeXHuUeCKi2 12 INAS W cpeactsa ann
* ApeAOTBPALEHUR. o ..

«  P330rPeBRa ¥ BLINAPUBAHNA WO, ..

. HAKONAEHIA BIPLIBOONPCHBIX FA3005P33HLIX ACWECTR, . .

6.3.4. KOHCIPYKUNA emMKasT¥ AR XEANEHUS RO AONKHS AOIBONATL NOKUCK

MECT NPOTENEK U3 EMROCTH ¥ BLINONHKWE R PEIATRTZ,

O i
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6.3.5. ilepeaaua MFU ni 04,00 EMIICIHE sebd Spl ZHG s o 3 0T

~ AONXHA OCYWECTBNRTLCRA C NCNOMLIOBAHHEM CTATHYECKOTD A3BNENUA XHAKOCTH Min
° raaa (6e3 npuMeNneHrA HaCcocos). .

6.3.6. MoMmeweHnA, npeanaavensie ANA PalIMEUleHNA emrocTeRr ana
xpanenna PO, formowisl Mmetb He mMerlee YeM TPeXcnoRrHyw mapowsonaue i
oSnuuyoexy #3 nepwiseujen crann. O6uem o6iMLIODANHOID NOMEUIEHA AOMNCH
BMeWaTh Bee xoNuuecTs0 PO, Hax0QRUMXCA B @MROCTAX. .

6.3.7. Ha TEppATOPNUM BOKPYT NOMEWEHWHA C eMKOCTAMK ANA xpaliennn JKPO
AONxML GbiTe NpESyCMOTPEeNbl KXOHTIPONuLHO-HabnionaTenuhng CkBaxMiL AN
or6opa npob rpyHTcBbLIX BOA. KOnuwectso s pacnojioxenwe nabnroaatensibix
CXBAXHUH YCTANABNHBILTCA B COOTBETCTBUN C HOPMATHBHLIMK LOKYMEHTAMN, .

6.3.8. B nomeu;eHuAX, 8 ROTOPLIX HAXOAATCA EMKOCTU ANR XPAHEHHUR JKPO,
AOMXMBI BLITL NpenycMoTpensl. ) :

.~ CUFHATTIZLHA NPOTEYEX B3 emMxoCTen:

. cucrema cbopa v BoIspara npoTevex;

.  BEHINNAUMRK,

«  PBAMBUMOHIILIA KONTPONG;

. CPEACTEA SNA AEIaKINBALNY.

6.3.9. Boaxo-xumuuecxnd pexaim 8 emrocTax AnA xpanennn PO gonxen
HCRMOUBTH UHTEHCHEHBI@ KOPPOIHOHIiIE NPOLEeCcChl. . .

6.3.10. Nomersennn, B KOTOPLIX HAXOARTCH €MKOCTU C OPNaHHIIECKIIMN WPO,
RONAMHE! GbiTe CHaGxenbl YCTPOACTBaMA NOKAPHOR CUMH3NWIAUNKA W CpefcTBaMi
noxaporywennsn. CosMectioe XpaHenue 8 fOMELEHHAX OpPFanuiecinx HPO co
cpenaMmn, COREPXIALLIMH OKUCNNTLNN, He AONYCKIRTCA.

6.3.11. NpoexToM AAEPHOA YCTAII0BKH, PSAWSLUNOHHOTO WCTOUNVKA W AYIkTa
XPAHEHNA [OMKHL BT NPEAYCMOTPENE PEIEPBIbIe EMKOCTH ANR XPaHENVA PO,
0o6pajoR3BUMXCA * B pelyhbrate aBapuh. MnnnMansHuid pelepaiieii  oGvem
emKoctei Ans xpanewus MPO aonxen Guith o6ocKoBan B nposxie. Ha peaepeinie
eMKOCTH_ ANA  XpaHeHHA MWMPO ¥ nomeujenvwa, B XOTOPLIX OHK  H3XOARTCA,
PacnpPOCTPAHAITCA Te we TPeGOBaHUA, YTO W HA OCHOBNLIE EMKOCTH ANR XP3HEHHA
KPQO. : -

6.4. Xpaueuwa manuix o6vemos WPO ponwio  ocyuecisnstucn @
cNBUnansuLHo oﬁopynoaamcux NomMeuieHNAX, Pacnonoxenune noueuleum'a.
o6opyAaBanne NOMEUIEHWA NNA XPBHEHWR Manbix oBbemas MPO u ycnoswa wMx
XP3HEINA QONXKIILE coO18EeTC1808aTH 1peﬁoaanunu OcnosibIx CaHnNTapiibix npaswn
ohacnutionna pasmaumomon Gusonacmctn (OCHOPEH -989). ’ .

7. TPESOBAHUA K OGECNEYEHHIO EE30MACHOCTW NPH dTBEP)KﬂEHHH
XUOKNX PAOUOAKTUBHBIX OTXOA08 ) ’

-7.1. TexnIncnmeckwi npousccoreepxpenna PO ponxen obecneunsats
nonydenne NPOARYXTOS C NOK3IATENRMA K3UECTBA, YCTIHOBNERHLIMU 8 HACTOAUIEM
noxymente. Konxpernsle vexiuuecxre METOAs! W CPencTsa orteepxaenva PO
ycranasnweaiwtcs M 060CHOBLIBIOTCA 8  ppoexTe ANEpPHOA  YCTAHOBKW,
PaANAUMOHHONG MCTOYHWKA M NYHXT3 XDAHEHNA,

7.2 Orsepwaexue PO  gonxno NpOXIBOANTLCA MetonaMu - -

UEMEHTHPOBANHA, ENTYMUPOBAHNUR N OCTEKNOBLIBANNA,
Npu swbope merona oraepxaelius IKPO nornxiib yMUTHIBATLCR!
. uanuecne W xuMuueckie xapaxtepuctukn PO,
« CBOWCTE3 MATPUNHOIO MaTernana; :

i e
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Donycxaetcr MCNONBLIOBAHNE APYHX MeToaos otBEPRaeHua PO,
paapaboTainibix 8 COOT BETCTBUHN C SOCTUTHYTHM YPOBHEM HBYKK K TEXKHAKW,

7.3. Npouecc OIBEPXAEHNA WPO aanwen O6wT»  nomxapo- n
papuiacbelonaciuii. w - ue CONpPoaoKAaTLLR 06pal0BaueM  JHANWTENLHOMo
XOMIECTBa BTOPHUHBIX PAO. .

7.4. Npu oreepwnenvv PO METOAOM UEMEHTHDORIHWA  pofXHu
BLINONNATLCA CRefylotuue ocnoshvie TpeGoBanns:

- 7.4.1. Ycranosxa. ueueumpoaanu'a A0NXNH3 HaxXOQNTLER s ovaensHOM
nomeuienum, cHabxenuam CUCTEMOR BEXTHAALAR, ;

7.4.2. Vicnonblyemore Heopraruieckie aaxywme (UEMENT, NOPTRaHgUEeMeNT
wnaxongprnanauement  # np,) Ao’ ofecneuvaate kavecleo ueuemmu';
MITPULL! B COOTBETCTBIN C 1pebosanvuaMn H3CTORLETO NOKYMEHTI. )

7.4.3. B uementilyio Maipuly ne ucryt sxniouatech XKPO, conepwatune
peuiectsa, s3aumopenicrayoume C yemeHTcH ¢ 00palosaHneM TOXCHUMBIX BEECTE
(nanpwmep, CONW AMMOLUR). .

7.44. C uenuy NPLADIBPIUCHUA palnuaa 8 MOMEWeHn yementiiorg
XOMN3YHAS NP ero pacdpacoexe 8 xonTERIEpH ROMKIE! GbiTy NPEAYEMOTPENLL '

.  KOHTPONL pazmeuieHns KONTEFHEP3 ANA UEMENTHOTO moMnaywna noj
cnmetbiM NATPYGROM] . .

. KONTPONDL ISNOCAHEHUR €MKOCTH UEMEHTHBIM KOMMN3YHAOM;,

. YCTpONCIEBO, HCKMIOUAIOIEE  BOIMOXHOCTB painvea 880 spemn
1paHCNopTMpPOBaNA xontennepa ¢ LEMENTHEIM KOMN3yHaoM OT MecTa
13NQMANEHHA A0 MECTa BLIAEPKKH ANA OTBEPHASHUA. .

7.4.5. OGopyncsatve “AnA nepeMeumBanun UeMEeHTHOIO Tecta ¢ XKPO
ponwio  obecneunsats nonyMeHue  [ONC(enHaro UEMENTHOI® xoMnaywaa ¢©
pasHoMEPHBIM pacnpeaeneHuem PanMORYNTAZ0B NO erc obvemy.

7.46. fipu UESMERTHPOB3ANMK poraio  Guite | ofecnevsko  ynpaanewne
JeXHONOMMUECKMMH  NapameTpamu npouecca M KOHWTPOM 33 HuMK,
obecneunBacummMu  fofyuenue LEMEHTHOIO  KOMN3YyNA3- 08  chepyioutmMi
OCHOBHBIMU NIOXAIBTENAMNU KauecIsa: .

‘Noxalarens xauecTsa DonycTimble MaUeHnA
Yaenwuan axKTHuBHOCThL - .
xoMnAYIIa: <3,7-10" bwxr (V- 10 Kik)
LEIA-DRIMBNUCIL <3.7-107 Lir (1-10° Kish)
anb)a-aKTHAHOCTL .

Bonoyc1oA4neocTs {cxopoCTh

LI NaUnBa-tinA . <1-107 rlemicyt -
pagnotyxinaos no Cs-137 u Sr-

90) .

Mexanuniecxan NPOMHOCTL L . .

(npepen HPON-HOCTH NpK CXATUH) 2 50 xrcfew?

PaanauuMonHan YCToHYmBeoCTs tlaxgHNYECKaR NPOMMECTE We Menee

’ <0 xrcicm? nocne o6nyvenus gosow 10°

) o .(10°pan) .
Ycr1onumsocTth K TepMUIEckitM wexanwdeckan NPoYHICTE We wmenee
usnam €0 xrciéw?  nocne 30 ymxnos

3aMOPANVBIHUR W CTifwgamna (-40 ...

- -

-~
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Boaocronkocts MexaHu4eckan nNPONHOCTL HE menee ‘
S0 xrcicm?  nocne  90-anesnoro
NOTPYXCIUA N BONY

Tpe60BaHMA X WeTONaM KOHTPONA  Xauecidsa UEMEHTHOIO XOMNayhaa
ATHABNUBIIOTCA HOP U THEHBIMU AOXYMEHTAMU.

T 7.5, Npwn  orRepwaeHnn WPO wmevoaoM 6uryuuposauim AOAXIIL
MNCAHATLCA CREAYIOW e OcHOBHLIE TpeboBanus.

7.5.1. Yctanosea GuryMupO8anmns [NOMMHA HAXOAWTLCA 8 0TAENLHOM
OMELLIeHUN, CHABXEHLTM CUCTEMOW BEHTHNAUMMK, NOXAPHOR CMINANWIaUMeH W
;pOACTIAMU NOXJPOTYLLEHNA,

7.5.2. VICRoNsIjevpi B XaueorBa. MaTpu1Hor marepwana Gurym ponxex
JROBrETEOPATL CNERYCUM OCHOBHBIM 1peCosaHuAM: .

. TeMnepaTypa CbitUxH He Huxe 200°C;

. TeMnepaTypa BOCAN3MEHEHUA HE HHNE 250°C;

- Yemnepatypa CaMOBOCNNAMEHENHA HE swwe 400°C.

7.5.3. B OGuTyms;0 M3Tphuy HE AONXKHLI BWIOUATLCA PO, xomnoneHTb
~OTOPWX BCTYNAIOT C HER B XHMWNECKOE BaanmoAeicIane, CONPOBOXAZIUEECH:

. 3K3OTEpMUuECKAMU IPDEXTIMH, :

. 06palneaHueu TOKCHUHLIX WA B3PLIBOONACHLIX sewects;

- yxyawennes xavecrea 06palyiowerpCR xoMnayHaa.

7 5.4. Conesuie sOMIEHTPATDI, HaNpasnAeMbie Ha GuryMupoaanve, Aonmint
;ACENETBOPRTY CRENYXWHM TPOGOBIHNAM.

«  KOHUENIPAUMR  CHNBHLIX oxncnntenei  (nMTpars | Tpexsanentiuix
METANNOB, UapraHUeBOXUCIbIA KaNuA | 7.n.) 8 MPO ne ponxna
ApegLILATE 5% OT MACCHI CyXOr0 OCTaTKa, :

.  conepXanue HWIp3Ta AMMOHWA B WPO ne AonkHo npesBubnate 12% or
MBC.bl CYXCIO OCTaTKa! ’

. sennuuna pH PO aonxna HaxoauTLCA 8 Npeaenax 6.5-11.5;

." ynenunan 3<TmBHOCTs XKPO He Qonwia Npeswilliath 3.7-10" Ewam?® (1 Kw/
nu’). . :

7.5.6. WPO ne gonmibl coaepxaTk OpraHnueckux pewecTa, xoTopuie 8
/CNOBMAX NPOBEAEHMS pOUecCd 61TyMHPOBAHUR MOFYT 00pazosats nerxone ryuwe
~OELMMENWR B XDWMNECTBaX, CROCOGHBIX CO3AATE B3PLIBOONACHYI0 XOHUEHTP Ao B
-azoson aze. [llon=en OuiTh obecneven XOMTPONL 33 COAEPNIHMEM Takux
COeaAKEHNIR B.OTXORRLAX [3IAX. .

756. C uersO npeaoTBpalleHnR painvsd 8 nomelyenwn  GuTymMuoro
«OuNAYHAA NPY €10 PACTACOBKE AOMKHE! 6uiTb NpERYCMOTpEHBE )

. KOHTPONb [3IMEUlEHHA KOHTernepa AnA 6MTYMHOTO KOMA3YHA3 NOA .

CNNBHLIM NATHYOxOM; .
. .  KOHTPOMb 33T2nHEHNA EMXOCTH ENTYMHLIM KOMNBYHAGM,

« yClpowucieo. wCKouawuee BOIMOXNOCIL  palnuea BO  bpems
TPAHCNOPT#CCAaNUA XOHTERHEPa C OGUTYMHBIM KOMNAYHAOM OT MeCTa
IBNONHEHHS 20 MECTa BLUIEPIIH ANA OCTHIBAHMA. : )

7.5.7. Napauaipu npouecca Oatymnposanud aonwupt  ofecneuwsats
NOMy“EHNEe TOMOFEHHTIO BUTYM-HOMO XxOMNayHAa C pasHOMEP)LIM PacnpeaeneHnem
1b ero o0 beEMY PARUCHYXNKAOS. .

7.58. Npu Eurymupopanun AONXHO B6uit, obecneueno ynpasnenue
-exMONOTMMECKMMA  P3paMeIpaMy  npouecca  w  KOWTpone 33 HAMHK,
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06ecnevianoWuMn AONYNCrr2 CHTPIAHOIG ali=38 hAG 40 el e Can i, in
NOXalaTENAMK XavecyYsa: '
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flokalarens kasecIna NonycTuMbIe Jnavenun .
YapenwHan' 3ETHBHOCTL
xOMNayHaa: <3.7-10"° Bwxr (1:102 Kwir)
6Gerva- aKTMDHOCTL ’ " <3,7-10" Gwnr {110 Kwir)*
anuha-akTUBHOCTL
BogoycToRumsocTs {cxopocTe

BLALEN3UN-BIHWR PasaoHywaod  <1:107rem’-cyr
no Cs-137 wn Sr-90) ’

. Conepxavue csoboswon nnarm o <3% -
xomnayHne -
TepmuiecKan yCTonuMnoCTy 1" scnuiku >200 °C

 nocnnaMeHerua >250 °C:
©* CaMOBCCRNAMEHEHNR >400Q °C

Paguaynontan ycToi™nBoCTL Yeenuueune 05vena menee 10%
i nocne ofnyuexva 1030m 10° Mp (10°
‘ pan) .
EMONOrMYEcKan yCTCAYNDOCTD . Otcyvcrave pocTa rpubros
- .'

TpeGovanna K METOAAM XOHILONA  XAUECTOD Gvrpunoro  xomnaynna
YCTaHaBsNUBATCA HOPMA THBHLIMU AOKYMENTAMA.

7.6. Npu oteepwaennn NPO MSTOQOM  OCTEXNOBLIBAHWA  NONNHW
BLINOAHATLCR cheayowre TEeS508aHnA:

7.6.1. YcTasoexka OCTExSIODbIBIHKA nomxua uaxonmm 3 oTAensHOM
nomeuieHun, CHAGKEHHOM CIHCTEMAN BEHTUNALMY, .

7.6.2. C uensio NPeaoTBPIWEHHR DaINMDa CTexNONoAoBkoro Ma‘repuana npw
ero pachacosxe AOMKHLI ST NPEAYCMOTPENGL
- XONTPONL PAIMCLLEHAA :omenuepa ann CTE)U‘IOI'\OM“W uarepuana

nofa CNUBHLIM natpybxom: '
«  KPHTIPONDL IANONHEHNR CMKOCTH crexnononobHbIM Matepuanom: P
. YCTPOWCTBO, WCLTIOMAIOWEE  BUIMOMHOCTL  P3aupa 80 “Bpems
TPAHCNOPTUPOBANEN KOWTCAHEP3 CO CTEXI0NOAOOMMM marepuanom or
MEeCTa €ro 3aNONH2HUA A0 MECTa BbylepXKY IR OCThaaurg,
7.6.3. KonueHTpauns nnytouna 8 PO xe gonxHa npesswars 0,03 o/ au’,
7.6.4. . Npu ocTextcesieanww adonxen. OwTo  Obecneven  kowrpoms
KOHUEHTPALMA PAANOHYKNALCS W KOHUzHTRauw? Hg, CO ADYrux race, oTxoasiumx
H3 nevw.

- 7.6.5. Xumuuecknir coctan PO, ucnonsayemyle MaTepnansi w napamerpu
NPOUECCa OCTeXNoBnIB3NuA  IONNKMN  OBCCNENWAATL . NOMyuende  roMorannoro
crexnonogoHore Marepwana ¢ p:\onove,muu *pacnpeACnCeM no ero 06\:°uy
PanVOHYWIH08.

7.6.6. (pn oc’reu‘"auoanuu AONXHO GbiTh oﬁemno ynpasnexve
TEXMONOMWMECKNMA  NAD3METPAMXA  NPOUECCa W * KOMIDOAL 33 Wamm,
06CCNeuMBIIOUIMMHY  MOITy-ErUE CTENNONOAIOHOIO MATEPVUERZ €O Cheayowmma
OCHOBHLIMYK NOKAIATENRANMMK LIUCCTBA: .
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[onyctumble JHaYeHNA

»

<24 —~ 27% wmac. Na;O n okchngos oOQHOBANEHTIILIX
HYKHAOB;

<20 - 24% wmac. Al;O) 1 OKCHAQ0B MHOfOBANENTHLIX
nyxnmios, 8 TOM  sncne < 0.2% nac.
1pancypanossix anenentos; <50 ~52% mac. P04

PasnomepnocTs cocrasa 6noxa na
MaxpoKOMNOHENTar 8 npegenax ¢ 10%; orcyrcrane
suigenemnia  gicnepcisix  (pas,  ocobermo  pinn
anupa-winyuarenesi. Kormmuecrao ansdgra-
winysarenen < 0.2% mac. .

<5 5B1 I’

10%. 10°% s/em® cyT Cs'Y;

10°® ricm? eyt 1™
107 ¢sem? cyr Pu

—-— 'Y_
Orcyrcreve wamenemi CIpYXTYpLI u
BOAOCTORKOCTH 8  pelynsfare  xpatnenua  npw
TemnepaTtype ao 450°C .

HenamennocTs CIPYKTYPL  BOROYCTOWIMBOCTH AP
INBUEHMAX: a) poaws ~ 10°Fp (10" pan) (no |\, -
nanyuenmo), 6)10' - 10" a-pacnagosicm’

(0.9 -1.3) xrc/mm?
(0.9 -1.3) - 10" Hm?
(4.1-4.7) krctan?
(4.1-4.7) 10" E?
> 5400 xrcimnal

. (> 5.4-10" H/WY)

(8-15) -10* 1°C

-— ——
—
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Koappuunent - Nimesiennn B npeaenax 0,7-1,6 Gl & wnrepasiae
1ennonpoBoOAHOCTH termnepatyp 20-500 °C
falopmpenexve He aanyctimo . T

’

766. TpeGoBanun « werogqam KOHTPONA xavectsa  Clexnoracch!
yCTaNABMIDAIOICA HOPMATHONLIMU JOKYMERTIMN.

8. TPEEBQBAHUA XK . OBECNEYEHUIO BE3QMNACHOCTH nev
KOHAWUMOHUPOBAHNN WUOAKNX PAQVOAKTUBHBIX oTXoaos8

8.1. Konppnuuouuposanne WPO gonxio obecneuwsaTw nepesog XPO »
(hopmbl, npuroanivie ANA nocnenywueso TpaHCNOPTNPOBANHNA, N (wnw) xpaneisin, u
(11N4) I3X0PONEINA. )

8.2. B 13BMCWMOCTI OT X3PaKTEPHCTUK PO » cnocobos NOtneayowero’

oGpaweInin € KoHANUHOIIPOBANHLIMII SKPO, B 1021 WIICNE 31X TPIHCNOPINPORINME, 31
(wnu) nepepaborxa, n {snn) xpanenvie, » (1) 33xOpoHenue, KOHAWLMOHWpODaINIE
PO ponwiso BRAIONM3TL B cebn omy u3 Cneayiowhx OoNnepdl wnn  ux
CUBORYNHOCTH: : .

. paimeuterne WPO 8 xontennepe;

. orsepxaenne XPO n paimeulenne oraepxaemntix XXPO B xowrennepe;

. pa:uémeune ynaxosxn PO 8 gononissTenbHOM XOHTENHEDPS,

8.3. B npoexte RAepuHOR yCTaHoBKyW, PAANAUNOHHONO UCTONHG 1 nyHxTa
xpanenna gomst Guite o6oCcHOBaKL! NPHHATHIE 8 COOTBETCTBUM 1peBopanAmm
pacronuiero ACKYMeHTa, APymx penepansHLIX HOPM W npasun g gGnacTh
MCNONBIOBAHUA BTOMHOT IHEPIIK METOAB 1 CPEACTBa KOHANUWOHVUPORRUS JKPO.

8.4. Mpu yCcTanoBNEHwA METOA0s M cpeacts  XOHAWUHOHNDIEaINUR XKPO
AONMHBL YHUTHIBBTLCA: :

- .  X3paK1epncTHki YKPO, noanexaupx xonnuuuonuboaamno;
. cnocobu nocneaylouwiero 06paWeHHR € KOHANUMOHSPOBAH Ny WMPO, 8
Tom wucne wux nepepaorka, w (unn) TPaHCNOPTWPOBawe, n (unn)
xpanenve, w (unk) 33XOPOHEHHE; )
. ycrauosneHnsie ANA nocneayiowero obpauleHua G HRO wpurepitn
xa4ecrsa. .

- 8.5. PagnoHyxpQieit  COCTas, yAenuLHAR 3KTHBHOCTL Pmequa.
CYMMapHaR BENWNNHA AXTNBHOCTH 8 ynaxoexe PAQ, MOWHOCTS JMuRInenTHOR
A3t H3  NOBEPXHOCTH KOHTEAHeNa, @enuiuHa P3AHOAKTUBHCIO 2arpAIHEHNA
11aPY oA (CBENXHOCTI XOMTESHEP3 [AONKHbL! COOTBETCTBOB3Th 224t TEMAL xaueCT83
PO ann nocneaylowero 3rana oOGpawennn C fnite, Ynaxosxa PAQ gonxxa
npepotspauate Henpiemnemoe pacnpocrpanenne PaAUOHYKNIRO0S Bexpynaiowyio

cpeay.

8.6. YNaxoeka KOHANUNOHUPOBaNHLIX PAO He AONMHA COAEP™aM:
. CAMLHbIX OKHCANTENERA K XIMUNECKN HeyCToMnenIX seweck
. XOPPOIMOHHO-KTHBHLIX Bellects,

. AODNTBHIX, NATOFEHNHBIX N WHEKUMOHHBIX sewecTs;
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«  OMONOIrWYeCKU AKTHBHBIX E2LIECTS;

«  NErxoBOCNNAMEHAIOWMNICA H BIPLIBO- K NOXEPOONACHLIX BEWECTB;

.. sewecTs, cNOCOGHbIX K SETOHIUNH HNK BIPDLBHOMY PAINOKEHND;

. BEWECTS, BCTYNAWMX 8 IXIOTEPMMMECKOE BIIUMOAEHCTEWE C. BOOW.

CONPOBOXKASIOWEECR BIPHL:BOM, .
. BEWEeCTB, cOAepMAWnX KK CNOCOOHLIX feHepHpPOBaATL TOKCHUYHBIE (a3b),
N3pul WAK BOICOHLI. ° _ '

Conepmanne muakoctv 8 ynaoske PAO He gonwxo npesbiwarts 3%.

8.7. BuiOOp XOMCTDYXUMM KOHTEAHEP3 M XOHCTPYKUWOHHLIX MaTEpuanos
xouTennepa nonwen BuiTe OCHOBAN KHa: .

: + DUIKMECKUX U XMMUUECKUL X3PIXTEPUCTNXAX PAO,

.~ cnocobax nocnenylouiero obpawennn c ynaxcaxon PAQ;

. ycrarosneWmumix AnR nocnedywwero obpawenns ¢ PAO apurepwes

xavecvea. .-

8.8. KOMCIPYKUMA XOKTEMHENA W KOHCTPYXUKOHHBIE MATEPUANL! KOKTEMHEND
A0NMHL 06eCneunsarTs CoxpaHenne ero UenocTHocT n paborocnocobiocTn, 8 Tum
uMCNe NPOuHOCTHBIX  X3PaxTepwcTx 8 Nepwoa noc.neny'otuero oGpauxemm c
ynaxosxon XXPQO. .

89 Koucrpyn/unounme MaTEpMaNL! KOWTERHEP3 W WCNONLIOBAHHME AONR
AOXDLITUA €10 NOBEPXHOCTER Malepwansl AOMwxnl ofecnewnsats 33wty OF
3TMOCE@PHLIX BOIAEACTBUN M BOIUONMOCTL NPOBEAEHHA Ae3aKTMBauMm.

8.10. NMpu wanuunn a yraxoske PAQ xOpPPOINOHHO-3XTHEHLIX BEWECTD
BHyTDEHHKE NOBEPXHOCTH xoHTENNepa ADONXHB 6wt abpaborarbs
3HTHXOPPOIHOHHBIM NOXPLITUEM. .

8.11. Ecnu npoextoM AnepHOM ycCiaroexa, panuauuounoro WCTOUHMKE ®
NYHKTd XPAHEHWA He YCT3HOEBREHb! CNOCOD, MECTO W  KOHKPETHBIE CPOKM
JAXOPOHEHNA XOHAMLMOHUPOBaHKNX PO, TO WCNONbIyEeMbIt KOHTEHHED AONMXEeH
COXPaHATbL UENOCTHOCTLE B TENEHNHE OMMO3IEMOr0 Nepuofa XpaMeHnA A0
JAXOPOHEHHA N npenompaman HenprueMnemoe PacnpocrIpadenve paarQHyRImQod
13 ynaxoskn PAQ. ~ " -

© Kowrtewnep nonwen 06ecne<nsarTe B0IMONXHOCTS: .
. wianeuyenun ynaxoaxu PAG «3 XpIHUNKWIA 8 XOHUE NEPUOAS XPIHEHUR,
- paidewermn ynaxosna PAO B OnNONHMTENtbHBIA  KOMTERMEP APU
neobxoqumocTu; .

- TpaxcnopTupoBaHna ynaxossu PAO ma daxcpoxenve,

. obpawenunn ¢ ynaxosxou PAQ npwu Jaxopcrenwn,

8.12. Ecnu ynaxoexa PAQO HE COOTBETCTBYET YCT3HOBNEHMbLIM KDUTEPUAM .
xavyectaa PAO anna TPaHCNOPTHPCBAHNA, W (wnn) xpaneHuR, W (MNK) IAXOPOHEHWA,

TO € UENbI0 MNCKNIONEHHA  KECOOTBETCTBUR  LonweH OuiTh  HMCRONbIOBaH
_RONONHUTENLHBIA KOHTERHEP.
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6.0 Attachment C

Collecting, Reprocessing, Storage, and Conditioning Liquid
Radioactive Waste — Safety Requirements
Presentation by V. A. Starchenko
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Gosatomnadzor of Russia
Federal standards and regulations
in the field of use of nuclear power

Collecting, reprocessing, storage and conditioning
of liquid radioactive waste.
Safety requirements.

HII1-019-2000

Put into effect
since January 1, 2001
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Purpose and area of application

The present document establishes requirements for ensuring safety when collecting,
reprocessing, storing and conditioning LRW at nuclear facilities, radiation sources,
and nuclear materials, radioactive substances and RW storages.

. The present document doesn’t apply to:

- treatment of LRW formed at production and enrichment of radioactive
‘substagces ores and other minerals;

- handling of LRW accumulated in superficial reservoirs of nuclear fuel cycle
objects.
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1

General safety requirements for collecting, reprocessing, conditioning and

z storing of radioactive waste
|

When establishing LRW quality criteria main characteristics of LRW, a container and LRW
packing should be taken into account.

LRW characteristics:
- - chemical composition and phase status;
- total activity;

- radionuclide composition, specific alpha and beta activity.
Characteristics of solidified LRW:

Cement compound: o
- radionuclide composition, specific alpha and beta activity, equivalent dose rate;
- water resistance;
- mechanical strength;
- radiation stability;
- thermal stability.
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LRW container characteristics:

- corrosion stability, radiation stability, configuration — for a metal container;
- density, porosity, water permeability, gas permeability, resistance to cold, radiation

stability, resistance to microbes, mold and fungi, resistance to fire — for a ferroconcrete
container.

LRW packing characteristics:
- radionuclide composition, alpha and beta activity, equivalent dose rate;
- total activity;
- homogeneity;
- ‘mechanical strength (static, dynamic, impact loads);
- resistance to heat loads and thermal cycles;
- radiation stability.
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»

- When éollecting, reprocessing, storing and conditioning of LRW the following potentialities
should be excluded:

- uncontrollable change of LRW state of aggregation, including formation of deposits and
sediments;

- uncontrollable occurrence of exothermic reactions;
- uncontrollable formation of corrosive substances.

At collecting, reprocessing, storing and conditioning of LRW containing nuclear hazardous
~ fission materials the opportunity of a self-supporting chain reaction occurrence.

Collecting, reprocessing, storing and conditioning of LRW together with not radioactive waste
are not authorized.
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Safety requirements for liquid radioactive waste collecting

LRW collecting should be carried out separately depending on the following:
- radionuclides half-life period (less than 15 days, more than 15 days);
- specific activity;
- concentration of alpha aclive radionuclides;
- chemical composition;
- phase composition;
- prospective reprocessing method.

Organic dangerously explosive and fire hazardous LRW should be collected separately from
other types of LRW.
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Safety requirements to liquid radioactive waste reprocessing
LRW reprocessing should provide purification of LRW liquid phase and radionuclides
concentrating in smaller volume.

Complete dehydration of high-sait aqueous LRW solutions is not allowed in the case of
possible exothermic interaction of components of the LRW dry residue.
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Safety requirements for liquid radioactive waste storing

Premises intended for accommodation of capacities for LRW storing should have not less than
three-layer waterproofing and facing from corrosion-proof steel. Volume of the reveted
premise should contain all amount of LRW taking place in capacities.

Control and observation chinks for earth waters sampling should be stipulated in the territory
around of premises with capacities for LRW storing.

Premises in which there are capacities for LRW storing should be provided with:
- leak alarm;
- leaks collection and recovery system;
- ventilation;
- radiation control;
- means for decontamination.
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- cement compound should have the following parameters of quality:

Quality parameter

Specific activity of compound

Beta activity

Water resistance (leaching rate for cesinm-137
and strontium-90)

Mechanical strength

(compression strength)

Radiation stability

Resistance to thermal cycles

Water resistance

Allowable values
<3,7-10" Bq/kg (1-10” Ci/g)
<3,7-10" Bg/kg (1-10°° Ci/g)

<1-10° g/cm*day

> 50 kg-force/cm’

Mechanical strength not less than
50 kg-force/cm® after irradiation by
the dose of 10° Gy (10°rad)
Mechanical strength not less than
50 kg-force/cm” after 30 cycles of
freezing and defrosting

(-40 - +40 °C)

Mechanical strength not less than
50 kg-force/cm? after 90-day
immersion in water
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Safety requirements for liquid radioactive waste solidification

[he technological process of LRW solidification should provide reception of products with
juality parameters established in the present document. Specific technical methods and means
for LRW solidification are established and proved in nuclear facility, radiation source and
storage desigus. |

The LRW solidification process should be fire- and explosion-proof and not be followed by
 formation of sig/niﬁcant amount of secondary radioactive waste.

During LRW solidification using the method of cementation the following basic requirements
should be carried out:

- the cementation facility should be in a separate premise supplied with ventilation system;

- the used inorganic binders (cement, Portland cement, slag Portland cement and others)
should provide quality of a cement matrix according the requirements of the present
document;

- LRW containing substances cooperating with cement with formation of toxic substances
(for example, ammonium salts) can not be included in a cement matrix;
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Safety requirements for liquid radioactive waste conditioning

LRW conditioning should provide LRW reduction into forms suitable for the subsequent
transportation, storing and (or) burial.

Coaditioned radioactive wasie package should be free of:
- strong oxidizers and chemically unstable substances;
- corrosive substances;
- poisonous, pathogenic and infectious substances;
- biologically active substances;
- highly inflammable, dangerously explosive and fire hazardous substances;
- substances entering in exothermic interaction with water followed by explosion;
- substances containing or capable to generate toxic gases, fumes or sublimates;
- liquid contents in the radioactive waste package should not exceed 3%.

Radioactive waste containers and packages mtended for long-term storing and (or) burial are
subject for obligatory certification.
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